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GENERAL INTRODUCTION
1.1 IM PLA N T S
1.1.1 General
More and more often medical devices are implanted in the human body to replace diseased 
or damaged body parts. A  recent report from the Dutch National Medical Registration office 
LM R/SIG  confirmed that in 1995 in the Netherlands already over 100.000 implants were used. 
The applications include ophthalmologic, cardiovascular, reconstructive, orthopaedic, dental, 
and other implant devices such as renal dialysis catheters [1].
For example, within dentistry there is an increasing group of patients with problems 
of the retention or acceptance of a removable prosthesis [2]. The application of oral implants 
as support and fixation for their dentures (figure 1.1) offer a solution.
On basis of the increased life expectancy in our welfare state, it is further supposed that 
the application of implants w ill progressively increase. Therefore, it is important to emphasise 
that about 5-40% of all implant placements involve revision surgery [3]. This number of revisions 
is determined by the type and application of the specific implant. Since the total number of 
primary implants still increases, revision surgeries are also expected to increase significantly 
during the next decennia. From this point of view, improvement of the clinical and biological 
efficacy of medical and oral implants is a major issue.
The life-time of an implant is, besides surgical and patient factors (i.e. location, surgical 
technique, health condition), determined by various implant parameters. The most relevant 
are the physicochemical, mechanical and surface geometrical properties of the used implant 
material [4-7]. In view of the biological response, also discern has to be made between implants 
designed to be placed in soft or bone tissue. Currently, for soft tissue implants, titanium is the 
preferred material. For bone purposes, besides titanium, also calciumphosphate (Ca-PO) ceramics 
can be selected.
1.1.2 Titanium and calcium phosphates
The use of titanium for bone implants is based on its mechanical properties [8]. It is anticipated 
that the thin oxide-layer, which is immediately formed on titanium acts as a protective
6 RF magnetron sputter deposition and characterization ofCa5(POJ3OH-coatings
ba
Figure 1.1 a) Picture of an orthopantogram, showing a mandible with 2 oral implants, superstructure, and 
complete dental prosthesis, b) schematic of an hydroxyapatite coated dental tooth root implant
barrier[9].
Calcium phosphates are chosen as implant material for their biocompatibility and bone 
bonding behaviour. Since the inorganic component of natural bone and teeth consists mainly 
of hydroxyapatite (HA), the main calcium phosphate ceramic to be studied as implant material 
is hydroxyapatite [10]. Hydroxyapatite is a member of the apatite group of minerals. Apatite 
is a general term for crystalline minerals with a composition of M 10(ZO 4)6X 2. The name was 
taken from the Greek word "apato"[11] (which means deceit) since the apatite mineral has 
been confused with several other minerals. Many elements can occupy the M, Z, and X  sites. 
For hydroxyapatite the M-site is occupied by Ca, Z by P and X  by OH, leading to the chemical 
formula, Ca10(PO4)6(O H )2, and a Ca/P concentration-ratio of 1.67.
The bulk material has been clinically applied for the augmentation of the jaw, in 
maxillofacial surgery and artificial middle ear implants. In several studies it is demonstrated, 
that HA can hasten the initial biological response to implanted devices, improves the bone 
adhesion to the implanted devices, and provides a good biological base for bone ingrowth [12-15]. 
However, a drawback inherent to ceramics (H A ) is their brittleness and poor strength, limiting 
their use as implants in loaded situations. To eliminate this problem, it has been proposed to 
use thin coatings of HA on metallic substrates [16]. In this way the mechanical strength of 
the titanium implant and the biocompatibility of the calcium phosphate coating are combined.
1.1.3 Calcium phosphate coatings
To apply HA-coatings on implant surfaces, various coating techniques are used, e.g.: (1) dip 
coating-sintering, (2) electrophoretic deposition, (3) immersion-coating, (4) hot isostatic pressing
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(H IP), (5) plasma spraying. W ith these methods coatings can be deposited with thicknesses
MATCHING
Figure 1.2 Schematic of a sputter deposition system, with dc or rf cathode
between a several micrometers and a few millimetres. Plasma spraying is nowadays the mostly 
used technique to apply these coatings [17-20].
Some of the drawbacks of plasma sprayed Ca-PO coatings are the limited adherence 
to the titanium substrate, the large thickness of the coating, and the non-thickness uniformity. 
Therefore, studies of other techniques, such as ion beam sputtering [21,22], laser ablation [23], 
and rf magnetron sputtering [24], to apply thinner, more adherent and denser coatings have 
been started. This could be of important influence for the biodegradation process of the HA- 
coatings. In addition, no grit-blasting as required for plasma spraying, is needed to obtain retention 
of the coating. Therefore, in future, we foresee an increased interest in the use of thin film  
technology to deposit Ca-PO coatings on implants.
Since of the above mentioned techniques we suppose rf magnetron sputtering to be the 
most suitable, this sputter process w ill be described more extensively in the next section.
1.2 SPU T T ER  PR O C ESSES
1.2.1 Introduction to sputter processes
The sputtering phenomenon has been known since 1952 [25] and exploited for deposition of 
films [26]. Sputtering is the process whereby, in a vacuum chamber, atoms or molecules of 
a material are ej ected from a target by the bombardment of energetic ions. The sputtered particles 
deposit on a substrate, also placed into the vacuum chamber, figure 1.2. The target is a plate 
of the materials to be deposited or the material from which the film  is synthesized. Because 
it is connected to the negative terminal of a dc or rf power supply, the target is also known
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as the cathode. The substrate that faces the cathode may be grounded, electrically floating, 
positively or negatively biased, heated, cooled or some combination of these. After evacuation 
of the chamber, a gas, typically argon, is introduced and serves as the medium in which a discharge 
is initiated and sustained. Gas pressures usually range from a few x10-3 to 200x10-3 mbar.
There are several sputter techniques, e.g. diode sputtering, radiofrequent (rf) or direct 
current (dc) sputtering, ion-beam sputtering and reactive sputtering. A ll these techniques make 
use of the same above mentioned physical phenomenon. Regardless of the type of sputtering, 
roughly similar discharges, electrode configurations and gas-solid interactions, are involved.
The primary advantages of the sputter deposition are: (1) multicomponent, refractory 
and insulating films can be deposited, (2) non porous films with surfaces that resemble the 
substrate surface may be produced, (3) good film adhesion, (4) thickness uniformity over larger 
planar areas can be obtained, (5) ability to coat heat-sensitive substrates, (6) ease of automation, 
(7) good coverage of difficult surface geometries.
The main disadvantages of sputter deposition are: (1) relatively low deposition rate (less 
than 2000 A/min), (2) the target must be cooled unless low deposition rates or short runs are 
acceptable [27].
1.2.2 DC diode gas discharge
The characteristics of a sputter discharge is best explained by a dc diode gas discharge, although 
we w ill still give only a simplified description of the sputtering process.
The sputter process makes use of a gas plasma. A  gas plasma is a gas in which electrons 
have been removed from some neutral gas atoms or molecules, and both electrons and ions 
remain in the volume together with non-ionized gas particles [28]. The electrons in a plasma 
move at a much greater velocity than either atoms or ions. Because of the much higher velocity 
of the electrons compared with the ions in the plasma, electrons w ill tend to escape to the surfaces 
and be collected there more rapidly than ions, establishing a net negative current flow from 
the plasma volume to ground. This loss of negative charge in the plasma volume charges the 
plasma up the positive potential, called the plasma potential V p [29]. In general, the smaller 
the area of the grounded surfaces in contact with the plasma, the larger V p is. V p is usually in 
the order of10 V  [30]. A  gas plasma is very similar to a solid metallic material (or an n-doped 
semiconductor) since in both cases rapidly moving free electrons coexist within a matrix of 
relatively fixed neutral atoms and positively-charged ions (donors). Because of this free charge, 
the bulk of it w ill have no electric field inside it [31]. Only the electrons and ions present at 
the edge of the plasma near anode and cathode, respectively, are accelerated in the sheath towards 
the electrode where neutralization takes place. Figure 1.3 shows the potential difference between 
cathode and anode sheath and the plasma, and shows schematically various processes that take
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place in a glow discharge. Usually, the potential difference applied between the two electrodes
Figure 1.3 Various processes in a dc diode discharge Figure 1.4 Momentum transfer in sputter process
has values ranging from 10-1000 V.
Microscopically, positive ions in the discharge strike the cathode plate and eject charged 
and neutral target atoms through momentum transfer (figure 1.4). These atoms enter and pass 
through the discharge region to eventually deposit on the growing film. In addition, other particles 
(secondary electrons, desorbed gases and negative ions) as well as radiation (X-rays and photons) 
are emitted from the target. The impinging ions may be reflected as energetic neutrals, which 
in their turn reach the substrate, or as ions (small fraction), or they are implanted into the target 
surface region. The secondary electrons gain energy after acceleration and produce new ions 
in colliding with the gas atoms. In this way the generation of secondary electrons is essential 
for sustaining the discharge [26,31].
From this simple description, it is quite apparent that compared to the predictable behaviour 
of an evaporation system, the glow discharge is a not easily modelled environment.
1.2.3 RF magnetron sputtering
For sputter deposition of electrically insulating materials, dc discharges can no longer be used. 
Such a insulator w ill build up a positive surface charge over its surface. The fluxes of ions 
and electrons to the surface w ill become equal, regardless of the potential applied to the electrode 
backing the insulator. The sheath voltage falls across the insulator, and there is no more voltage 
left to drive the discharge. As a result of this, the dc discharge would extinguish very quickly 
[32]. An ac discharge can be used so that the positive charge accumulated during one-cycle 
can be neutralized by electron bombardment during the next half cycle. When an rf frequency 
is used, the potential alternates with a period that is short compared to the time positive ions 
require to travel from the edge of the plasma sheath to the surface of the insulator. The fast 
electrons can still respond to the alternating fields. For the rf generator usually a sinusoidal
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wave generator operating at 13.56 MHz is used. A  matching network and controller are provided 
with the rf supply to match the generator output impedance to the impedance of the cathode 
(target) and ground (figure 1.2).
Another positive effect of rf discharges is that on their way through the discharge the 
electrons ionize argon atoms which increases the effectiveness of the argon discharge. The 
ionization efficiency ofsecondary electrons emitted from the cathode in a gas discharge is further 
increased when the secondaries that do not ionize gas molecules are kept from being lost to 
the anode by bending them back towards the cathode [30]. This increases the probability that 
these electrons w ill collide with and ionize a gas molecule. This bending can be accomplished 
by creating a magnetic field above and parallel to the cathode surface. This so called rf magnetron 
sputtering is a high-rate vacuum coating technique for the deposition of a wide range of materials 
including metals, alloys, ceramics [32,27].
A  simple way of explaining the behaviour of a glow discharge powered by an rf voltage 
is to realize that in a two-electrode rf sputtering system one electrode is bombarded by electrons 
and the other electrode by ions during one half cycle of the rf frequency and the other way 
round during the other half cycle. The net charge transferred past any one point in the circuit 
for a complete waveform cycle must be zero. Due to the difference in mobility between the 
fast electrons and the slow ions, initially a much smaller ion current w ill flow. The net effect 
during the initial cycle is a net negative charge flowing to the electrodes. As a result, the insulating 
target, which acts as a capacitor, is charged negatively with respect to the plasma. This charging 
of the target continues until the net current flow during a complete rf cycle is zero [29]. The 
discharge can be made asymmetric if  the electrode structure is made asymmetric. The dc self-bias 
voltage is approximately divided between the two electrodes inversely according to fourth power 
of their electrode areas. Thus, the smaller electrode has the larger sheath voltage.
In view of the above, some important discharge properties are:
- the plasmapotential, which is slightly positive with respect to earth potential,
Vp, (10V),
- the potential between target and plasma, which depends on the plasma potential 
and on the voltage applied to the cathode V c (10-1000V),
- the potential between the plasma and the other electrode (anode), which is 
commonly grounded. However, this electrode can also become charged (several 
volts) during the deposition process, when the thickness of the insulating film  
increases.
The particle flow is as follows: plasma ions are accelerated from the plasma to the cathode 
(target)
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Figure 1.5 Schematic of parameters involved in the sputter process, with their (in)direct link to film properties
across the cathode sheath. Sputtered target atoms enter and pass through the discharge region 
to eventually deposit on the growing film. Also some plasma ions are accelerated towards the 
anode (substrates), across the anode sheath [33]. High energy electrons are accelerated between 
cathode and anode during each half cycle of the rf frequency. Energetic ions are reflected from 
the target, are neutralized, and flow across the plasma towards the substrates. Thus, during 
film growth, the substrate is bombarded by low energy ions, high energetic electrons, and energetic 
neutrals.
The number of ions leaving the plasma is limited by the random arrival of ions at the 
sheath-plasma interface. The energy of the ions is directly influenced by the voltage across 
the cathode (or anode) sheath. The ions enter the sheath with very low energy. They are then 
accelerated by the sheath voltage. In absence of collisions in the sheath, these ions would strike 
the cathode (or anode) with a kinetic energy equivalent to the sheath voltage [30]. The energy 
of the electrons depends on the voltage between cathode and anode, and the energy of the energetic 
neutrals depends on the cathode sheath voltage. The number of these neutrals depends on the 
mass ratio of the target atoms and the ions.
As shown in figure 1.5, many process parameters influence both direct or indirect the 
physical and chemical properties of the deposited films. In view of this, we have to notice that, 
for example, in a sputtering process the film  composition depends not only on the target 
composition but also on sputtering parameters such as the ionized gas pressure [34-36], the 
substrate temperature [37,38], and voltage across the different sheaths [33]. Furthermore, the 
energetic particle radiation (photons as well as particles) determines the growth of the layer 
[39].
TARGET 1 TARGETTEXTURE 1 / HISTORYSOURCE TO SUBSTRATE DISTANCE
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1.3 T H IS  T H E S IS
The American Food and Drug Administration (FD A ) allows some calcium phosphates directly 
to be used as implant materials; calcium pyrophosphate (Ca to P concentration ratio, or in short 
Ca/P, =1.0), tricalcium phosphate (Ca/P=1.5) and hydroxyapatite (Ca/P=1.67) [40]. For calcium 
phosphate coatings the FDA thus requires a.o. well defined stoichiometry, structure as measured 
by X-ray diffraction (XRD ), and Fourier transform infrared spectrometry (FT IR ), and adhesion 
strength. The aim of this study was to explore the feasibility to apply thin adherent hydroxyapatite 
layers on titanium substrates by rf magnetron sputter deposition. We examined the influence 
of the different deposition parameters on the stoichiometry of the sputtered layers. For this 
purpose coatings were deposited at different settings of discharge power, process gas pressure 
and composition, background pressure, and bias voltage. The samples were investigated with 
several analysis techniques. Rutherford backscattering spectrometry (RBS) was used to determine 
the Ca-to-P and O-to-P concentration ratios. We also used XRD  and FT IR  to examine the films 
on their hydroxyapatite structure and vibrational bonds, respectively. Scanning electron microscopy 
(SEM ) and atomic force microscopy (A FM ) were used to determine the surface topography 
of the deposited films. W ith elastic recoil detection (ERD ) we were able to gain the complete 
atomic composition of the thin films. Proton induced X-ray emission (P IX E ) was used to evaluate 
the incorporation of argon during film deposition. The interface strength of the deposited coatings 
was determined by laser spallation.
Chapter 2 gives an overview of the different techniques used throughout this thesis. 
In chapter 3 we describe the deposition of hydroxyapatite layers and the influence of discharge 
power and annealing temperature. Chapter 4 describes the influence of various other process 
parameters, such as argon and oxygen pressure, bias voltage, voltage distribution. In chapter 
5, we introduce ERD  in combination with R BS as a method to obtain a complete analysis of 
all the elements present in the samples. Chapter 6 introduces a new technique to measure the 
adhesion strength of coatings to biomaterials: laser spallation. Chapter 7 presents an in-vitro 
study of the behaviour of osteoblast cells on rf magnetron sputter coatings in comparison with 
titanium substrates. A  summary of several conclusions and some final remarks are given in 
chapter 8.
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C H A PT E R  2
CHARACTERIZATION METHODS
2.1 IN TRO D U C T IO N
Since the chemical composition of synthetic hydroxyapatite is similar to that of the main inorganic 
component of natural bone and teeth, calcium phosphate type materials attract the attention 
of many people working in biomaterials research and development [1]. Already, numerous 
reports have been published describing an enhanced biocompatibility of medical and dental 
implants coated with this type of material. Evaluation of this man-made material is performed 
by examining its molecular structure, physical properties (such as density and adhesion), and 
chemical composition [2]. For example, characterization includes determination of crystal structure 
by X-ray diffraction and Fourier Transform Infrared spectroscopic (FT IR ), as well as chemical 
analysis of the HA to determine the proper calcium to phosphorus ratio and the presence of 
impurities [3]. In addition, frequently atomic absorption spectrometry (AAS) or energy dispersive 
analysis by X-rays (ED A X) are used to determine the chemical composition. There are, however, 
more accurate methods to characterize the composition of thin films. In this thesis we w ill apply 
ion beam analysis methods, such as Rutherford backscattering spectrometry (R BS), elastic 
recoil detection (ERD ), and proton induced X-ray emission (P IX E ), for the element 
characterization of thin calcium phosphate coatings.
This chapter gives an overview of the most frequently used techniques throughout this 
thesis (RBS, XRD , FT IR , and SEM ) for the analysis of hydroxyapatite and a short description 
of other analysis techniques (ERD , ED S, P IX E , AFM , and laser spallation).
2.2 R U T H ER FO R D  BA C K SC A T T ER IN G  SPEC T R O M ET R Y  (R B S )
In Rutherford backscattering spectrometry, monoenergetic particles in the incident beam collide 
with target atoms and are scattered backwards into the detector-analysis system which measures 
the energies of the particles [4]. In the collision, energy is transferred from the moving particle 
to the stationary target atom; the amount of energy transferred depends on the masses of incident 
and target atoms and provides the signature of the target atoms.
Figure 2.1 gives a schematic view of an R BS configuration. In this type of ion beam 
analysis three factors are important: the kinematic factor, the scattering cross section and the
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Figure 2.1 Schematic of RBS configuration Figure 2.2 RBS spectrum of dense sintered HA, surface-peaks
of oxygen, phosphorus, and calcium are indicated
stopping power [4,5]. In RBS, the primary energy is chosen such that the scattering process 
is described in terms of Coulomb repulsion of the two nuclei involved, and is completely elastic. 
This requirement is fulfilled when the primary particles have an energy in the range of ~1 
MeV/nucleon. Backscattering measurements are insensitive to electronic configuration or chemical 
bonding. The energy fraction of the scattered particle (energy E 1, mass M1) with respect to the 
primary beam energy (E 0), which is called the kinematic factor K , is calculated from the laws 
of conservation of energy and momentum
where 0 is the scattering angle and M2 is the mass of the target particle. Two target elements 
are well separated in the RBS energy spectrum if  the energy difference of the scattered particles 
is larger than the energy resolution. The best mass resolution is obtained for high primary beam 
energies, high primary masses, and for large scattering angles. Therefore, R BS experiments 
are routinely performed at a scattering angle of 170°.
The probability of a particle scattered into a detector solid angle dQ centred around a 
scattering angle 0 is given by the differential cross section da/dQ, or if  6  is small with respect 
to 0 by the scattering cross section a. For the Rutherford differential cross section holds
'0 2
(2.1)
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'Q M2sin40]/  M22-M 12sin20
(2.2)
Z1 and Z2 are the charges for primary and target particles, respectively. The small values of 
a indicate that only a very small fraction of the impinging ions experiences a Coulombic collision 
for the relevant angles 0 in a thin film. The scattering cross section largely depends on the primary 
beam energy (1/E02) and on the charge of the target particle (Z 2). This indicates thatRBS is 
primarily sensitive for heavy elements. Inspection of the 0 dependence of as and Ks emerges 
that at high mass resolution, the cross sections are relatively low.
For thin films the total yield Y{ o f particles for a specific element (i) in the measured 
spectra is given by
Q is the number of incident ions and N{ is the atomic coverage (atoms per unit area). For samples 
thicker than the analysis depth of the R BS primary particles we did not calculate the total yield 
per element. For these samples we calculated the element concentration ratios by comparing 
the height of the spectra for the different elements.
The shape of the energy spectra not only depends on the kinematic factor and scattering 
cross section but also on the extent of the energy loss of the primary ions and the scattered 
particles traversing through material. In the energy range under consideration, the energy loss 
is mainly due to interaction of the ions with the electrons in the material, causing excitation 
and ionization of the target atoms. One can determine the correlation between depth and energy 
by evaluating the stopping powers on in- and outward paths [4].
The resolution of the measurements is also limited by straggling, when at certain depths 
in the sample, the straggling is larger than the detector resolution. Straggling is the variance 
of the energy loss of an ion transversing a solid by collisions with target electrons. This is 
essentially a statistical process, which exhibits approximately a Gaussian distribution of ion 
energy losses around the mean energy loss in a film.
Only R BS is quantitatively precise to within an atomic percent from first principles and 
requires no use of composition standards. It is the only nondestructive technique that provides 
simultaneous depth and composition information. The lateral spatial resolution of the region 
over which analyses can be performed is ~ 1 mm. Figure 2.2 shows an RBS-spectrum of dense 
sintered HA. Indicated are the surface positions of calcium, phosphorus and oxygen. Hydrogen 
cannot be detected by backscattering analysis. The analysis depth amounts to a few ^m. The
QQaftj
(2.3)
sina
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solid line represents the simulation of the spectrum by the computer programm RU M P [6]. 
From this simulation the calcium-to-phosphorus and the oxygen-to-phosphorus concentration 
ratios are calculated.
2.3 E L A S T IC  R E C O IL  D ET EC T IO N  (ER D )
Since backscattering from hydrogen is not possible, this element can not be detected by RBS. 
Another drawback of R BS is its poor sensitivity for light elements present in a heavier matrix. 
This is caused by the relatively low value of the cross section a for backscattering at light elements 
and because the energy of a particle w ill be low when it is backscattered from a light atom. 
Therefore the features corresponding to light elements in a heavy matrix tend to be drowned 
in a background representing the presence of matrix atoms at a certain depth [7]. For our samples, 
traces of carbon or nitrogen w ill be drowned in the RBS spectra in the background due to calcium, 
phosphorus and oxygen.
Elastic recoil detection (ERD ) is a technique that can be used to detect hydrogen in a 
sample without any background. In ERD  the sample is also bombarded by energetic ions, but 
unlike R BS not the energy of the primary ions is measured, but the energies of the recoiled 
atoms from the target are determined. Under certain conditions, target atoms with different 
masses can also be separated. Depending on the film thickness and the experimental conditions, 
ERD  provides areal concentrations and/or concentration ratios of the elements present. More 
about this technique is explained in chapter 4.
2.4 X-RA Y D IFFR A C T IO N  SPEC T R O M ET R Y  (X R D )
In the analysis of the elemental composition of thin films often use is made of diffraction 
techniques, which can uniquely identify crystalline phases near a solid surface. X-ray diffraction 
is most suited to films thicker than a few hundred angstroms. Individual crystalline phases 
are identified by their characteristic diffraction patterns. Such X-ray patterns also provide 
information on the orientation and size distribution of the crystallites.
The basis of X-ray diffraction is the Bragg equation which describes the condition for 
constructive interference for X-rays scattering from atomic planes of a crystal. The condition 
for constructive interference is
2dsin0=nX (2.4)
where 0 is the scattering angle, A the wavelength of the incoming radiation, n the diffraction 
order and d the spacing between individual planes of the crystal, see figure 2.3.
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The Bragg law requires that 0 and X be matched for diffraction. The condition may be 
satisfied by varying X, or by varying the orientation of a single crystal. In polycrystalline films 
the distribution of crystallite orientations is nearly continuous. Diffraction occurs from crystallites 
which happen to be oriented at the angle to satisfy the Bragg condition. Since for this thesis 
no use could be made of a thin film X-ray diffractometer, the crystal phases of the films are
Figure 2.5 X-ray diffraction patterns of a- and B-tricalcium phosphate, tetra 
calciumphosphate and hydroxyapatite, as obtained by Elliot [8]
determined by a powder-diffractometer in a 0-20 geometry. A ll patterns show therefore the 
diffraction peaks of the titanium substrate. No amount of crystallinity could be calculated. To 
determine the crystalline phase of the films the obtained diffraction patterns are compared with 
the Joint Committee of Powder Diffraction Standards (JC PD S) standards.
Hydroxyapatite has a hexagonal structure (figure 2.4) with as lattice constants: a,b= 
9.41 A, and c= 6.87 A. The volume of a single crystal unit cell is 530 A 3. Hydroxyapatite has 
a Ca/P-concentration ratio of 1.67. Figure 2.5 shows X-ray diffraction patterns of a- 
tricalciumphosphate (a-TCP), B-tricalciumphosphate (B-TCP), tetracalciumphosphate (TetCP), 
and hydroxyapatite (H A ), obtained by J.C . Ellio t [8], with a Ca/P-ratio of 1.5, 1.5, 2.0, and
1.67 respectively. For comparison, figure 2.6 shows an X-ray diffraction pattern of a target 
plasma sprayed with hydroxyapatite powder, as used throughout this thesis, and an X-ray 
diffraction pattern of tooth-enamel. Tooth enamel consists of hydroxyapatite needles, oriented 
in the (00J)-direction.
2.5 F O U R IE R  TR A N SFO R M  IN FR A R ED  SPEC T R O M ET R Y  (F T IR )
Infrared spectrometry involves examination of molecular twisting, bending, rotating and stretching 
vibrational modes in the materials. Upon interaction with infrared radiation, photon in the incident 
radiation are absorbed at specific wavelengths. The multiplicity of vibrations occurring 
simultaneously produces a highly complex absorption spectrum that is uniquely characteristic 
of (1) the functional groups that make up the molecule, and (2) the overall configuration of 
the molecules.
The vibrational frequency is greater for atoms with smaller reduced masses and for larger 
forces that restore the atoms to their equilibrium position. Thus motions that involve hydrogen
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atoms are found at much higher frequencies than are motions that involve heavier atoms. 
Interaction
Figure 2.7 Schematic of the channel structure in the HA-lattice
with neighbouring atoms or groups may alter these values somewhat, as do resonating structures, 
hydrogen bonds and ring strain.
Figure 2.7 [9] shows hexagonal stoichiometric hydroxyapatite, containing hexagon- 
helicoidal channels. Each reticular plane contains two triangles: the first one constituted by 
Ca2+; the other by the phosphorus atoms of the PO43- ions, in such a way that their centres coincide. 
The site symmetry of the PO43--groups in the apatite structure is m. The hydroxyl-groups are 
situated on the z axis of the crystal channel.
Table I Vibrations of the phosphate and hydroxyl ions in hydroxyapatite
wavelength [cm-1]
P-O bonds 962 Vl
473 V2 V2a & V2b
1057 v3 1088 V3a
1042 3^b V3c
580 v4 601 V4a
570 4^b V4c
OH-bonds 3571
631
10,12
Table I shows the wavelengths o f the vibrations o f the phosphate and hydroxyl ions
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in this hexagonal HA, in the region 400-4000 cm-1. According to the selection rules, there are 
nine infrared active internal vibrations of the phosphate groups [10]. Six of these (named as: 
v 1, v2a, v3a, v3b, v4a, v4b) are vibrations in which the movements of the atoms are symmetric with 
respect to the mirror plane m. In the remaining three vibrations (v2b, v3c, v4c) the movements 
of the atoms is antisymmetric with respect to the mirror plane. Two bands at 3571 and 631 
cm-1 are assigned to the vibrational modes of the OH group [11]. The first of these bands stems 
from the OH stretching vibration and the second one corresponds to the hydrogen libration 
[12].
Since the infrared radiation can not pass through the titanium substrate, we used reflection 
FT IR . The light is reflected from the surface as well as from the interface. This leads to an 
interference pattern in the spectra. The height of the peaks depends on the thickness of the 
films. Therefore, for this thesis, FT IR  was only used to examine whether the films showed 
the various P-O and the OH bonds, no calculations where made to determine the number of 
the present bonds.
2.6 SC A N N IN G  ELEC T R O N  M IC R O SC O PY  (SEM )
As light microscopy is not discriminating enough, other techniques with better resolutions, 
such as scanning electron microscopy (SEM ) or atomic force measurement (A FM ), have to 
be used to visualize thin films [13].
For SEM , electrons are focused into a beam with a very fine spot size (~50A). Pairs 
of scanning coils, located at the objective lens, deflect the beam either linearly or in raster fashion 
over a rectangular area of the specimen surface. Electron beams having energies ranging from 
a few thousand eV to 50 keV are utilized. Upon impinging on the substrate, the primary electrons 
decelerate and loose energy to other electrons or to the lattice. As a result electrons leave the 
substrate. These can be secondary electrons with an energy of about 5 eV, Auger electrons, 
and elastically backscattered electrons. In addition, X-rays and light are emitted from the 
deexcations in the substrate. The most common imaging mode relies on the detection of secondary 
electrons as a function of the beam position. Due to a small average escape depth the observed 
electrons at low energies only originate from a subsurface depth not larger than several Angstroms. 
These electrons are collected by a detector consisting of a scintillator-photomultiplier combination. 
The resolution of the secondary electron microscope used was better than 30 A.
2.7 E N E R G Y  D IS P E R S IV E  SPEC T R O SC O PY  (ED S)
Energy dispersive analysis by X-rays (ED S) is usually used within a SEM-configuration. After 
interaction of an electron beam with the sample not the secondary electrons are detected, like 
with SEM . In contrast, the excited X-rays, characteristic for the elements present in the material,
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are detected by a S i(L i) detector[4]. Like RBS, ED S can be used for element characterization. 
ED S and R BS generally sample the total thickness of the thin film  (~ 1 ^m) and frequently 
some portion of the substrate as well. Unlike, R BS with a depth resolution of
Figure 2.8 Schematic of feedback-system of AFM measuring head
~ 200 A, ED S has little depth resolution capability. Furthermore, ED S can ordinarily only 
detect elements with Z > 11. The lateral spatial resolution amounts to ~1 ^m.
2.8 PRO TO N  IN D U C ED  X-RA Y E M ISS IO N  (P IX E )
Inner shell ionization is caused by the time-dependent electric field created by the passage of 
a charge near an atom. In a classical sense the field from a proton is precisely the same (except 
for the sign) as that of an electron at the same velocity. Since, in terms of kinetic energy, this 
occurs at an ion energy of (M/m)E, where M  and m are the masses of the proton and electron 
respectively, and E  is the electron kinetic energy, the velocity of the proton corresponds to 
the MeV ion range to match a keV electron. This proton induced X-ray emission (P IX E ) technique 
has been applied for a variety of analytical problems, using MeV accelerators. The major advantage 
of ion-induced X-ray analysis is a reduction in background as compared to electron induced 
X-rays. Thus P IX E  gives a better sensitivity for trace element analysis. We used P IX E  to determine 
whether trace elements of argon were present in our films. Since R BS is restricted to selected 
combinations of elements whose spectra do not overlap, argon cannot be separated from calcium, 
using R BS spectra.
2.9 A T O M IC  FO R C E  M IC R O SC O PY  (A FM )
SEM  has a resolution slightly better than 30 A. W ith AFM  surface roughnesses as small as 
0.5 A  RM S (root mean square) can be measured. Occasionally the surface roughness of our 
samples is smaller than the SEM  resolution of 30 A. Therefore, to examine the difference in 
surface topography for different samples, we used atomic force microscopy (AFM ). A FM  is 
based on the interatomic force of a sharp tip and the substrate surface atoms. The tip is adapted 
to the end of a long cantilever with a low spring constant (~1 N/m). During scanning the force
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(about 10-9 N) ofthe tip is kept constant, by using a piezoelectric feedback system (figure 2.8). 
Generally the force is low enough for the tip to cause no damage to the surface being measured. 
The vertical displacement of the tip is monitored by the displacement of a laser beam. This 
laser is used to shine onto and to reflect off the back ofthe cantilever, into a segmented photodiode, 
which measures the probe motion.
2.10 L A S E R  SPA LLA T IO N
In chapter 6 we w ill describe a new technique to measure directly the interface strength of thin 
calcium phosphate-coatings. For this so called laser spallation technique a collimated laser 
pulse is made to impinge at the back of the substrate which is coated with a thin layer of aluminum- 
chromium and a 5 ^m thick layer of water glass. Absorption of the laser energy in the Al-Cr-layer 
leads to a sudden expansion of the film  which leads to the generation of a compressive shock 
wave directed towards the test coating/substrate interface. At the free coating surface the 
compressive pulse reflects into a tensile pulse which, when it reaches the interface, leads to 
the removal of the coating. The displacement of the coating surface is proportional to the profile 
ofthe stress pulse and is measured with a Doppler interferometer. From this displacement history 
the interface strength can be calculated.
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C H A PT E R  3
DEPOSITION OF HYDROXYAPATITE AND INFLUENCE OF 
DISCHARGE POWER AND ANNEALING TEMPERATURE
3.1 IN TRO D U C T IO N
RF magnetron sputter deposition is a rather complex process to describe in physical parameters, 
especially when used to sputter multi-component compounds like Ca^PO^ OH (hydroxyapatite, 
HA). There are, besides target composition, two main process parameters which can be varied 
to influence the physical and chemical properties of the coating: working gas pressure and 
discharge power. However, these parameters also influence or are influenced by other parameters 
(see chapter 1). For instance, the film composition, structure and growth rate depend on ionized 
gas pressure [1,2], the condensation rate and substrate temperature [3,4], and the bombardment 
of photons as well as particles [5].
In an rf discharge configuration, positive ions and electrons produced in the bulk plasma 
are accelerated across the plasma-sheats and arrive at the substrate with significant impact energies. 
The distribution of this energy is primarily determined by the excitation frequency of the discharge 
[5]. This bombardment of energetic particles in rf discharges plays an important role during 
the film  deposition in rf sputtering. For example, the temperature of the substrate depends on 
discharge power level via this bombardment [6]. Through this temperature rise the structure 
of the as deposited coatings is influenced.
Further, a previous study [7] indicated that most as deposited sputter coatings are 
amorphous. Therefore, heat treatment (annealing) after sputter deposition is proposed for 
converting them to a crystalline form. Generally for thin films, annealing is supposed to occur 
in two steps - recrystallization followed by grain growth. In the recrystallization process time 
and temperature are related. The effect of increasing the temperature reduces the time necessary 
to finish recrystallization [8].
Finally, as known from the manufacturing of sintered hydroxyapatite and during heating 
of plasma sprayed hydroxyapatite coatings, water vapour can be of influence on the structure 
of the material. For instance, when sintering is used for the densification of HA, sintering in 
air or vacuum above 900 °C  results in decomposition of HA. On the other hand, sintering in 
moisture does not result in any indication of decomposition of HA at a temperature of1350 °C
26 RFmagnetron sputter deposition and characterization o f Ca5(PO4) 3^OH-coatings
4000.0 3CCC 2000.0 1 500 1 000 500 220.0
Wavenumber (cm-1)
Figure 3.1 FTIR spectrum of (a) pure (powder) HA (— ) and (b) plasma sprayed HA target ( ____)
[9]. Heating in water vapour is also used to regain the OH-bonding of oxy-hydroxyapatite
[10]. Thus, water vapour and temperature play an important role in the phase diagram of 
hydroxyapatite [11].
The aim of this study was to determine the influence of discharge rf power level on the 
properties of the calcium phosphate films deposited on titanium substrates, and to investigate 
the effect of time, temperature, and water vapour on the structure and compositional change 
of sputter deposited calcium phosphate films during annealing.
3.2 M A T E R IA L  and M ETH O D S
RF magnetron sputter coating was performed using a commercially available rf sputter deposition 
system (Edwards ESM  100). The target materials were copper discs, plasma spray coated with 
HA. This target coating turned out to contain 60% crystalline hydroxyapatite, and amorphous 
oxy-hydroxyapatite. The overall Ca/P-ratio of the target was 1.6. Figure 3.1 shows that, compared 
to the infra-red spectrum of pure (powder) HA, the infra-red spectrum of the target material 
exhibits only limited OH-bonding. The substrate materials used for our experiments were Ti6Al4V 
discs with a diameter of 12 mm. These discs were ground till 800 grit, which corresponds to 
a grain size of 22 ^m. After grinding, the samples were polished with Buehler Masterpolish™ 
to a shiny surface. The substrates were attached to a water-cooled specimen holder using silver- 
paint. The specimen holder may be continuously rotated or may be indexed on a fixed position. 
A  rotating substrate holder was used, when more than 4 samples had to be deposited at the 
same deposition parameters. This was to avoid differences in composition, due to different 
substrate-to-target orientation.
To examine the influence of the discharge power, the substrates were deposited at a
CHAPTER 3 Deposition o f HA and influence o f discharge power and annealing temperature 27
series of discharge power ranging from 200 up to 800 Watt. The sputter time varied from 1 - 
4 hours. This series of deposition was carried out on substrates mounted both on indexed and 
rotating substrate holders. The pressure in the vacuum chamber was measured with pirani-penning 
heads, and the argon flow during sputtering was controlled with a gas controller (Vacuum General; 
Model 80-1). The argon pressure during each experiment was kept constant at 5.2x10-3 mbar. 
At the start of each run the background pressure was lower than 8x10-6 mbar. The temperature 
close to the substrate holder was measured directly after each run with a platinum-10% rhodium 
thermocouple.
For the annealing experiment all the samples were simultaneously grown, to ensure 
that the results of the analysis would be free from reproducibility problems. The substrates, 
mounted on a rotating substrate holder, were sputtered at 800 Watt for 4 hours at an argon 
pressure of 5.2x10-3 mbar. After deposition, the substrates were divided into four groups: two 
hours annealing under pure argon flow, four hours annealing under pure argon flow, two hours 
annealing under argon with water vapour flow, and four hours annealing under argon with 
water vapour. For annealing with water vapour, the argon was led through water of 80 °C . In 
all cases the samples were cooled in the furnace, after annealing. The annealing temperatures 
were in the range 400-1200°C. Because of the high annealing temperature, platinum/10% rhodium 
was used as substrate material. Samples of the discharge power experiments were annealed 
for 2 hours at 550 °C  under argon flow.
The thickness of the deposited films was measured with an a-step instrument. The surface 
topology of the coatings was examined using scanning electron microscopy (SEM ). The structure 
of each film  was determined by X-ray diffraction (XRD ) using a Philips 0-20 diffractometer 
utilizing Cu^a-radiation. The XRD  measurements were carried out directly after deposition 
and after annealing of the samples. The infra-red spectra of the films on the substrates were 
obtained by a reflection F ourier transform infra-red spectrometer (FT IR ) (Perklin-Elmer). Standard 
4He+ Rutherford Backscattering Spectrometry (RBS) at 2 MeV was used to determine the calcium- 
phosphorus ratio of the films. The surface morphology was examined with incident light 
microscopy.
3.3 R ES U L T S
3.3.1 Influence of discharge power
In table I the values of the most relevant temperature and thickness measurements of the deposited 
films are listed for the various discharge power levels. From the a-step measurements we deduced 
that the deposition rate varied between 1.8 ^m/hour at 800 Watt to 0.28 ^m/hour at 200 Watt. 
The deposition rate for a rotating substrate appeared to be about 2-3 times lower. The temperature 
close to the substrate directly after deposition varied from 100 °C  at 200 Watt (stable after
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three hours) to 290 °C  at 800 Watt (after 3 hours).
Table I Temperature after two hours of sputtering and deposition rate ofthe films deposited at different discharge
power level on an indexed substrate holder.
800 W 700 W 600 W 500 W 400 W 300 W 200 W
deposition rate 
fpm/h] 1.75 1.4 1.15 0.9 0.75 0.48 0.29
temperature
r a 290 280 260 210 180 150 100
SEM  measurements showed no cracks or other defects at the surface of the deposited 
layers. A ll surfaces looked smooth and the surface of the apatite layer appeared to follow the 
surface of the underlying titanium substrate. Further no difference was found between the surface 
of the films deposited at various discharge power levels or for various thicknesses of the films.
Analysis of the R BS spectra provided information about the atomic concentration ratio 
of calcium and phosphorus in the sputter deposited films. Measurements and calculations 
demonstrated that all deposited coatings had a higher Ca/P-ratio than the theoretical value of
1.67 for Ca5(PO4)3OH. For each sample the Ca/P-ratio was constant over the whole surface 
area. However, the Ca/P-ratio between films sputtered at different deposition parameters varied 
considerably, i.e. from 1.9 to 2.8 (figure 3.2). To examine the possible existence of a relationship 
between discharge power level and Ca/P-ratio a simple regression test was applied to the data 
shown in figure 3.2. The statistical significance of the relationship between the two variables 
was determined by performing a t-test. The computed correlation coefficient (r) for the data 
is 0.5. This value reflects the existence of only a weak correlation between discharge power 
level and obtained Ca/P-ratio. Further analysis of the data revealed that there was no systematic 
variation of the Ca/P concentration ratios for indexed or rotatory deposited films, or for film  
thickness.
X-ray-diffraction (XRD ) measurements showed only a crystalline phase in the Ca-PO 
films deposited on an indexed substrate holder at 800 Watt for two hours (figure 3.3(a)). This 
XRD  pattern showed a preferred (001) crystallographic orientation with the c-axis perpendicular 
to the substrate surface. Sharp (002), (102), and (211) peaks are visible at 20= 25.88°, 28.1 °, 
and 31.77° respectively. This XRD  pattern is similar to the XRD  pattern of apatite crystals 
in intact tooth enamel [7] (figure 3.3(b)). The films deposited with a lower discharge power 
level than 800 Watt and all films deposited with rotating substrate holder appeared to be amorphous
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Figure 3.2 Ca/P-ratio as a function of the discharge Figure 3.3 XRD pattern of (a) film deposited at 800 
power level for rotatory or indexed deposited films W for two hours, (b) tooth enamel, and (c) amorphous
deposited film
(figure 3.3(c)).
For all the films infra-red measurements showed two clusters of peaks from 900 to 1150 
and from 550 to 600 cm-1 which are attributed to the major absorption modes associated with 
the presence of phosphate [12]. For thicker films (>2 ^m) deposited at higher discharge power 
level (>400W) the broad peak in the region from 900 to 1150 cm-1 split up into two peaks at 
936 and 1124 cm-1 (figure 3.4). Furthermore, the peak in the region of 550 to 600 cm-1 became 
higher compared to the peak of the other region. However, all the films also showed a broad 
peak over the region from 2800 to 4000 cm-1, which is due to water absorption [12,13]. Increase 
of the power level did not change the broad peak in the region of the water band.
Figure 3.4 Reflection FTIR spectrum of (a) film deposited at 400 W for 2 hours, and (b) film deposited 
at 400 W for 4 hours
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Figure 3.5 Incident light microscopy photographs (original magnification 8x), showing the cracks in the coatings 
after annealing. It can be noticed that of the 1200° C specimen, parts of the coating are detached 
from the substrate. a) 600oC, and b) 1200oC annealed films
3.3.2 Annealing temperature
For the annealing experiments, the as deposited films had a thickness of 2 ^m. Incident light 
microscopy showed smooth films which followed the substrate geometry. However, films annealed 
at 600, 800, 1000 and 1200 °C  revealed cracks in the coating. These cracks became wider with 
increasing annealing temperature. In addition, films annealed at 1200 °C  changed colour, they 
became white instead of transparent. It was also observed that at 1200 °C  parts of the coating 
detached from the substrate (figure 3.5).
For the annealing experiment the films were deposited in the same deposition run. Three 
of these as deposited films were measured by RBS, and had a Ca/P-ratio of 2.05 (± 0.05, which 
indicates the inaccuracy made by fitting the data with RUM P). The Ca/P-ratio's of the films 
annealed at 400, 600 and 800°C  were respectively 2.05 (± 0.05), 1.96 (± 0.06), and 1.94 (± 
0.06). For the films annealed at 1000 and 1200°C, the Ca/P-ratio dropped to 1.80 (± 0.08) 
and 1.75 (± 0.08) respectively. The films annealed at 800, 1000 and 1200°C showed a background 
of platinum. This background rose with increasing annealing temperature, which is due to the 
wider cracks at higher annealing temperatures.
As deposited films showed an amorphous X-ray diffraction pattern. The X-ray diffraction 
data of the annealed films are listed in table II. In addition, some representative diffraction 
patterns are shown in figure 3.6. For all samples the diffraction peaks were a little shifted towards 
higher 2-0, with respect to the substrate peak. The data show that the films annealed under 
water vapour, became crystalline in an earlier stage than films annealed under dry argon-flow.
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Figure 3.6 Some representative X-ray diffraction patterns of the annealed films, a) 400°C, b) 600 °C, 
c) 800 °C, d) 1000 °C, e) 1200 °C; HA-peaks are indicated by the (hkl) indices
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Table II and figure 3.6 show the phases which appeared in the XRD  patterns after annealing. 
The films annealed at 400 °C  and 600 °C  under dry argon for two hours were less crystalline 
than the films annealed for four hours. At all higher annealing temperatures the films already 
obtained the highest amount of crystallinity after two hours annealing. The following results 
were found for all four groups. The films annealed at 400 °C , and which were crystalline, showed 
only small HA-peaks. In addition to HA-peaks, films annealed at 600 °C  showed tetra­
calciumphosphate (Ca4P2O9) (tetra)-peaks. At 800 °C  both HA, CaO and tetra-peaks were found, 
while films annealed at 1000°C showed only CaO-peaks besides HA. Finally, 1200°C films 
showed peaks of HA  and some XRD-peaks of P-tricalciumphosphate (P-TCP).
Table II Results found with X-ray diffraction for different annealing temperatures.
annealing
temperature
Argon flow Argon & water-vapour flow
2 hours 4 hours 2 hours 4 hours
400 °C amorphous amorphous amorphous little HA-peaks
600 °C cryst. HA cryst. HA + 
tetra
cryst. HA cryst. HA + tetra
800 °C HA + small 
CaO-peaks
HA + CaO 
+little tetra
HA + tetra + 
little CaO
HA + CaO + 
little tetra
1000°C HA + CaO HA + CaO HA + CaO HA + CaO
1200°C HA + TCP HA + TCP HA + TCP TCP + little HA
FTIR-measurements revealed in as deposited films the presence of amorphous P-O-bonds 
and of water. As is shown in figure 3.7 and figure 3.8, the FT IR  spectra of all films annealed 
at 400 °C  showed also only amorphous P-O-bonds and a large water related spectral feature. 
The films annealed at 600 ° C under argon flow showed neat P-O-bonds, which can be attributed 
to P-O-bonds in HA, and OH bonds at 3571, 3540 and 630 cm-1. Further, the films annealed 
at 600 °C  under water vapour showed an extra bond at 730 cm-1. On the other hand, annealing 
with or without water vapour did not make any difference on the absorbance of the OH-peaks. 
A ll the at 800 °C  annealed films showed the same pattern as the films annealed at 600 °C  under 
water vapour: the P-O bonds ofHA and extra bonds at 730 cm-1 and 1300 cm-1, and the OH-bonds. 
A ll films annealed at 1000 °C  showed, besides the OH and the P-O bonds due to HA, extra 
P-O-peaks at 730, 1200, 1250, and 1300 cm-1. In the films annealed at 1200 °C  the OH-peaks 
disappeared and many P-O peaks appeared, which could not be attributed to HA.
In addition, the samples deposited at different power levels were also annealed. The
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Figure 3.7 Reflection FTIR spectra of films annealed Figure 3.8 Reflection FTIR spectra offilms annealed 
a) 400°C, b) 600°C, c) 800°C, d) 1000°C, and with water vapour at a) 400°C, b) 600°C,c) 800°C,
e) 1200°C d) 1000°C, and e) 1200°C
annealing temperature was 550 °C  and the annealing time 4 hours. This resulted in the appearance 
of the hydroxyl peak at 3570 cm-1 and 630 cm-1, and in the appearance of the various P-O bonds 
(figure 3.9). This was found for all films deposited at the various power levels, and for various 
deposition times; only the intensity of the peaks varied for different films. For example, the 
relative absorbance of the 1018 cm-1 peak was largest for the thinner films deposited at low 
discharge power, while for the other films the absorbed intensity of the peaks in the region 
of 550 to 600 cm-1 became higher. XRD  measurements showed that with the increase in 
crystallinity randomly oriented apatite peaks appeared (figure 3.10a). The XRD  pattern of the 
annealed samples is similar to that of the plasma sprayed target (figure 3.10b). Besides these 
HA peaks most of the annealed films showed also tetra calciumphosphate (Ca4P2O9) peaks.
3.4 D ISC U SSIO N
3.4.1 Discharge power
The R BS data showed that the Ca/P-ratio varied considerably between various films. Because 
the existence of a weak correlation this variation can only be partly related to discharge power
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Figure 3.9 Reflection FTIR of a film deposited at 400 Figure 3.10 (a) annealed film deposited at 400 W, 
Watt after annealing under argon at 550 °C (b) plasma sprayed target
level. No relation between the variation in Ca/P-ratio and thickness, in the range of 0.6 ^m 
up to 3 ^m, of the deposited film was found. It is possible that parameters, like the composition 
of the background gas or target properies, which were not taken into account in this work, varied 
for the different deposition runs (see chapter 4 and 5).
The analysis of the RBS-data indicated that most of the sputter-deposited films had 
a Ca/P-ratio of about 2.2. A  stoichiometric HA sample was also measured using RBS, and 
showed indeed a Ca/P-ratio of 1.66. The high Ca/P-ratio of our sputter deposited films cannot 
merely be explained by the presence of HA and tetra calciumphosphate as suggested by the 
X-ray measurements. The Ca/P-ratio of HA is 1.67 and of tetra calciumphosphate is 2. Therefore, 
this high Ca/P-ratio suggests yet another calcium rich or phosphorus poor phase.
The high Ca/P-ratio can be due to (1) Ca implantation in the growing film, (2) phosphorus 
pumped out of the chamber as P2O5 before it has a chance to be deposited at the substrate [14], 
or (3) preferentially sputtering of phosphorus out of the growing film by bombarding energetic 
particles [8]. According to Han et al.[1] the incorporation ratio of atoms from a multi compound 
target are influenced by variation of the argon pressure during sputtering. At higher pressure 
the atoms with lower mass should be influenced to a larger extent by the scattering due to the 
plasma than atoms with higher atomic mass. Consequently, the high Ca/P-ratio can be decreased 
by sputtering with a lower argon pressure (see chapter 4).
The results of the X-ray diffraction measurements showed that all deposited films in 
our experiments were amorphous, except the films deposited at 800 Watt for two hours (or 
more) on an indexed substrate holder. This is in accordance with the temperature measurements,
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which showed a higher temperature for samples deposited at higher power levels. It is assumed 
that when the temperature of the films is high enough, the mobility of the surface atoms is 
sufficient to grow a polycrystalline layer. In addition, the annealing study showed that a 
temperature of less than 400 °C  is not sufficient for the films to crystallize. Apparently, at an 
800 Watt discharge level still an in situ crystallization occurs, despite the fact that the thermocouple 
reaches only 290 °C  during deposition. This has to be caused by the bad thermal conduction 
properties of the ceramic calcium phosphate layer. When this film grows, a continuing deposition 
w ill result in an increase of temperature, despite the substrate being mounted on a cooled substrate 
holder. The temperature may be higher than measured with the thermo-couple, which is located 
close to the substrate.
Considering the amount of crystallinity of the as deposited coatings it is important to 
notice that the temperature of the substrate also depends on the angle between the substrate 
and the plasma sheath [15]. As a result films deposited right above the target are crystalline 
while films mounted towards the edge of the substrate holder are amorphous. The films which 
are crystalline after sputtering show an (001) orientation with the c-axis perpendicular to the 
substrate surface [16]. The other films which were initially amorphous show randomly oriented 
HA-peaks with some tetrapeaks after annealing at 550 °C .
The infra-red measurements of the as deposited films showed a broad peak in the region 
ofthe v1 and the v3 wavenumbers and a broad peak in the v4 region. After the films were annealed 
at 550 °C  under argon flow and became crystalline, these broad peaks split up into the different 
phosphate bonds of hydroxyapatite, as listed in chapter 2. Although the peaks at 1124 and 945 
cm-1 also suggest the presence of oxy-apatite, the OH-peak at 3571 cm-1 and at 630 cm-1 clearly 
proves that a part of our deposited film  is hydroxyapatite.
3.4.2 Annealing
Many studies have already been performed on the effect of heat-treatment on the structure of 
powder HA [6,17] or plasma sprayed HA [18,19,20]. However, the results of those studies 
are difficult to compare with the results found in our experiments. For example, the Ca/P-ratio 
of our coating was different compared with the Ca/P-ratio of those HA materials. Furthermore, 
the process of deposition of the sputtered layers is different from plasma spraying. In the sputter 
deposition process, the layers are built up atom by atom or ion by ion. In contrast, in the plasma 
spray process droplets of HA-powder melt together.
The FTIR-measurements ofthe as deposited film show that the layer contains amorphous 
phosphates and water. This water is probably absorbed within the deposited layers during 
sputtering or H2O is positioned at the OH-placed along the c-axis [21] (see also chapter 5). 
The X-ray diffraction pattern only shows an amorphous region.
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Annealing ofthe samples revealed the occurrence of cracks (fig. 5). These cracks originate 
from the difference in thermal expansion coefficient between the calcium phosphate film  and 
the platinum substrate. It has to be noticed that the occurrence of cracks depends on the thickness 
of the coating, the surface structure of the substrate, and the annealing method. These cracks 
became wider at higher annealing temperature. Due to the cracks in the annealed films it was 
difficult to measure the Ca/P-ratio precisely.
Furthermore, structural analysis of the annealed specimen demonstrated that annealing 
at 400 °C  does not change the amorphous structure of the coating. Annealing at 600 °C  results 
in an HA structure. After four hours annealing, tetra calcium phosphate peaks appeared in the 
X-ray pattern. Apparently 2 hours of annealing at 600 °C  is not sufficient to reach complete 
crystallization. Again, the R BS shows a Ca/P-ratio, which is still higher than can be expected 
from the presence of only HA and some tetra-calciumphosphate. Sim ilar to the amorphous 
coatings, we can suppose that an excess of Ca-atoms is situated between the grains of the HA- 
and tetra-crystals.
Films annealed at 800 °C  show the same FTIR-patterns as the films annealed at 600 °C  
under water-vapour. The XRD-patterns of films annealed at 800 °C , show a clear CaO-peak 
and a small tetra-calciumphosphate peak. Tetra-calciumphosphate apparently decomposes, 
while CaO-is formed. The FTIR-data of these films show peaks at 730 cm-1 and around 1300 
cm-1, which indicate the presence of CaO in the films, which has vibrational bonds at 1350 
cm-1 and at 725 cm-1. RBS measurements showed that the Ca/P-ratio begins to decrease at annealing 
temperatures of 800 °C . This indicates that at the higher annealing temperature not only the 
recrystallization is increases, but also phase changes occur.
At 1000 °C  annealing more phase changes occur, more cracks appear in the coating, 
the Ca/P-ratio drops to 1.8 and the FT IR  measurements show extra phosphate peaks which 
cannot be attributed to the PO-bonds in HA. Nevertheless, X-ray measurements still show the 
HA-pattern with peaks of CaO. During the annealing process at 1200 °C  the coating became 
white and some parts of the coating detached from the substrate. The Ca/P-ratio of the films 
dropped to 1.75. Indeed, XRD  data show that the films annealed at 1200 °C  contain 
tricalciumphosphate (TCP, Ca/P-ratio 1.5). We conclude that the calcium evaporates from the 
film.
3.5 C O N C LU SIO N S
In summary, this study demonstrates that with rf magnetron sputtering Ca-PO films with an 
apatite structure can be deposited on titanium substrates as a thin layer. We have found that 
these films do not consist for 100% of HA. Most important findings are that the Ca/P-ratio 
of the sputter deposited films varied considerably for different deposition runs, and that all
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the measured films had a higher Ca/P-ratio than the Ca/P-ratio of stoichiometric HA. The as 
deposited films are amorphous, except those prepared at a high discharge power. Annealing 
at a temperature above about 500 °C  provokes crystallization. Addition ofwater-vapour during 
annealing accelerates the recrystallization somewhat. Annealing at temperatures above 800 °C  
does not result in a better crystalline HA-coating, but the coating seems to decompose.
On basis of these results, we suggest that 500-600 °C  is probably the best annealing 
temperature to change an amorphous Ca-P-coating into a crystalline coating. On the other hand, 
annealing results in the appearance of cracks in the coating, presumably because of the difference 
in the thermal expansion coefficient of HA and the underlying metal substrate.
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C H A PT E R  4
INFLUENCE OF VARIOUS DEPOSITION PARAMETERS
4.1 IN TRO D U C T IO N
Several deposition parameters influence the properties of deposited films, as we explained 
in chapter 1. Important parameters are, for instance, working gas pressure, background gas 
composition and pressure, oxygen pressure, and discharge-to-target and discharge-to-substrate 
voltage [1].
In our experiments we use argon as working gas to sputter from a calcium phosphate 
target. The presence of oxygen in the background gas is especially interesting for the deposition 
of oxides, like hydroxyapatite (Ca5(PO4)3OH). Preferential sputtering of oxygen out of the target 
combined with a high pumping speed can result in an oxygen depletion of the coating [2]. Other 
important deposition parameters in rf sputtering are the potential distribution between target 
and discharge, and substrate and discharge. In a two-electrode rf sputtering system both electrodes 
are bombarded by electrons and positive ions. The energies depend on the electrode-to-discharge 
voltage. The substrate is also subject to bombardment by energetic neutrals, whose energy depends 
on the target-to-discharge voltage. Electrons as well as argon ions and energetic neutrals are 
of importance for the stoichiometry and density of the deposited films.
There have been a number of studies on the influence of Ar-pressure [2-10], background 
pressure [10,11], oxygen pressure [2,10,12,13], and potential distribution between the two 
electrodes [10,14,15] of an rf system on the physico-chemical properties and composition of 
sputtered specimens. However, the relevance of the obtained results is difficult to predict for 
our sputtering process. Most of these studies were performed using different targets or dc 
sputtering. In our study, we had to use rf sputtering, because hydroxyapatite (HA) is an insulating 
material. Dc sputtering of insulators is not possible because of the build-up of positive surface 
charge which would repel the energetic ions [16].
The present work was perfomred to study the effect of argon pressure on the concentration 
ofphosphorus and calcium in the deposited HA films. Further, the composition of the background 
gas was also taken into consideration. Especially the presence of oxygen is interesting, since 
in hydroxyapatite, phosphorus is bound as PO4. A  deviation of the Ca/P-ratio from the 
stoichiometric ratio might be caused by preferential resputtering of phosphorus at the substrate,
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before PO4 is formed, due to the lack of oxygen at the substrate. The hypothesis is that the effect 
of the introduction of oxygen during deposition is to enhance the formation of PO4 and 
consequently to reduce resputtering of phosphorus. We investigated the influence of oxygen 
both on the stoichiometry, the deposition-rate, and the target dc voltage. Finally, also the influence 
of target voltage and substrate bias was studied.
4.2 E X P E R IM E N T A L
4.2.1 Sample preparations
The films were deposited by an rf magnetron sputtering process, using a radiofrequency generator 
operating at 13.56 MHz. A  copper disc (100 mm in diameter), plasma spray coated with 
hydroxyapatite, was used as target material. The target coating consisted for 60% of crystalline 
oxy-hydroxyapatite and 40% of amorphous calcium phosphate. The overall Ca/P-ratio amounts 
to 1.6. Ti6Al4V discs were used as substrate. Target and substrate holder were water-cooled 
during deposition. The distance between target and substrate was about 75 mm. The substrates 
were placed in the same position on the substrate holder for different deposition series. Prior 
to deposition the system was evacuated to 6x10-6mbar using an oil-diffusion pump with a liquid 
nitrogen trap. The argon used was of 99.999% purity.
4.2.2 Argon pressure
We varied the argon pressure in the range of 2x10-3 -3x10-2 mbar, and the input power level 
in the range o f200-800 Watts. Prior to deposition, the target was sputter-cleaned for 10 min. 
Residual gas analyses of the deposition chamber were performed by a quadrupole mass 
spectrometer (Fisons, V G  Quadrupole 1-200 AM U).
4.2.3 Oxygen pressure
To investigate the influence of oxygen in the sputtering gas on the composition and growth 
rate of the deposited films, the following sputter conditions were used: argon pressure 3.0x10-3 
and 1.5x10-2 mbar, input power level 200 and 400 Watts, and deposition time 2 hours. Oxygen 
was introduced in the sputter-gas at a pressure of 5, 10 and 50% of the argon pressure, by a 
needle valve, keeping the total pressure constant. The amount of oxygen was monitored by 
the quadrupole mass spectrometer. We compared the mass 32 peak of oxygen to the mass 40 
peak of argon.
4.2.4 Potential distribution
In our sputtering system the discharge is sustained by the rf power. For our equipment the power
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Figure 4.1 Schematic drawing of a) rf matching network, b) low pass filter with voltmeter in series to measure
Vdc,target
level is automatically controlled by tuning the two capacitors Q  and C2 (see figure 4.1a [17]) 
to keep the reflected power zero. This means that the impedance of the target is kept the same 
as the impedance of the cable (50 Ohm). The value of the power level alone does not give 
sufficient information about the energy of the argon ions bombarding the target. Since the target 
is capacitively coupled to the rf input generator, this electrode is self-biased negatively, as in 
a dc diode discharge. The voltage of the rf electrode may be written as
V D(t) = VdC + Vrfsin(7t) (4.1)
In our system the V rf cannot be measured. Still, to get insight in the ion energies for different 
deposition parameters, we measured the target dc voltage via a low pass filter in series with 
a voltmeter (see fig. 4.1b) as described by Edwards [18]. The V dc, target was measured as a function 
of the power level, the argon pressure, and the partial oxygen pressure. The value of the 
V dc, target was taken after 10 minutes of stabilisation.
During normal deposition conditions the substrate holder is grounded. Since the plasma 
is at a positive potential, there exists a voltage drop between sputter discharge and substrate 
holder. To study the influence of this voltage drop on the film composition, we varied the plasma- 
to-substrate voltage by applying an extra negative bias to the substrate holder. The negative 
bias was achieved by applying an rf power o f0, 20, 50, and 100 W  to the substrates. This second 
power supply was coupled to the main rf power supply, so that both signals have the same phase. 
These films were obtained by sputtering at 400 W  and a total Ar-pressure of 1.5x10-2 mbar.
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4.2.5 Sample characterization
The sputtered samples were examined as deposited and after annealing. Annealing was performed 
at 550 °C  and at 1000 °C  for two hours under constant Ar-flow. The thickness of the samples 
was measured with a profilometer (alpha-step). Standard 4He+ Rutherford backscattering 
spectrometry (R BS ) at 2 M eV was used to determine the atomic composition of the samples. 
The R BS data were analyzed using the computer simulation program RUMP[19]. The atomic 
density of the samples (atoms/cm3) is obtained by dividing the areal density of the films, as 
determined by R BS (atoms/cm2), by the thickness.
The chemical bonds (wavenumbers, 460 cm-1 - 4000 cm-1) were examined with Fourier 
transform infra-red spectroscopy (FT IR ) using a Perkin E lmer 1700 FT-IR spectrophotometer. 
Because infra-red light does not penetrate through the Ti6Al4V substrates the thin films were 
examined with reflectance infra-red spectrometry. The film structure was characterized by X-ray 
diffraction (XRD ) from 20=20° to 20=42°. The diffraction intensity measurements were made 
in a geometry with scattering vectors normal to the film  planes (0-20 scans) using a Philips 
automatic vertical X-ray powder diffractometer PW  1050 with a CuKa radiation source at 40 
kV  / 30 mA.
4.3 A RG O N  P R E S S U R E  and D ISC H A R G E P O W ER
4.3.1 Ca/P-ratio
Figure 4.2 shows the Ca/P-ratio as a function of the Ar-pressure for different power levels. 
The solid horizontal line indicates a Ca/P-ratio of 1.67 for stoichiometric hydroxyapatite. 
Apparently, the Ca/P-ratio decreases with decreasing power level. On the other hand, the analyses 
show that for all samples the Ca/P concentration ratio exceeds 1.67. The sample deposited 
at 600 W , 3.0x10-3 mbar is an exception, with a Ca/P-ratio of1.66. However, this sample could 
not be reproduced. Furthermore, the results show that the Ca/P-ratio tends to increase with 
increasing Ar-pressure.
4.3.2 Thickness and density
Figure 4.3 shows the coating thickness versus argon pressure after a constant deposition period 
of 120 min. The scatter in the data appears smaller than in the values of the Ca/P-ratio (fig. 
4.2). The obtained sputter rate appears to increase with increasing Ar-pressure. It also appears 
that this increase of the sputter rate is smaller for lower discharge power level (200 W ) than 
for higher power levels (400 - 800 W ).
Figure 4.4 shows the relationship between the density ofthe films, sputtered at 200 and 
400 Watts and the Ar-pressure during the deposition. The density of the films was calculated
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Figure 4.2 Ca/P-ratio for films sputtered at different 
discharge power level versus argon pressure,
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Figure 4.3 Thickness of the films after two hours 
of sputtering as a function of the argon pressure, 
(D) 800 W, (°) 600 W, (+) 400 W, ( a )  200 W
Figure 4.4 Atomic density of the films sputtered at 
200 W ( a )  and 400 W (▼) versus argon pressure
for the elements P-O-Ca. Again we note a considerate scatter in the data points. The density 
of pure hydroxyapatite is also indicated in this figure. We conclude that the density of the sputter 
deposited films is lower than the density of stoichiometric HA.
4.3.3 Structure
XRD-measurements show that as deposited films have an amorphous structure. After annealing 
the films became crystalline. No systematic variation of the XRD  patterns with the argon pressure 
could be found, but the films showed different patterns for different discharge power. After 
annealing at 550 °C , films sputtered at 200 W  showed a randomly oriented HA-structure. Films 
sputtered at 400 W  showed a more (001) oriented HA-film, while films sputtered at 600 and 
800 W  also showed some tetra-calciumphosphate (Ca4P2O9) peaks. After annealing at 1000 °C  
films sputtered at 200 W  showed HA-peaks and tetra-calciumphosphate peaks. Films sputtered 
at 400, 600 and 800 W  showed HA-peaks and CaO-peaks. The CaO-peaks were more pronounced
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Figure 4.5 a) FTIR-spectra of films sputtered at 600 W, with an argon pressure of 1) 2.6x10-3mbar and 
2)1.5 x10-2 mbar,
b) FTIR-spectra of films after annealing, 1) sputtered with low rest water pressure (600 W, 7.8x10-3 
mbar), 2) sputtered with relatively high rest water pressure (600 W, 2.6x10-3 mbar)
for films sputtered at higher discharge power level.
Figure 4.5a shows FTIR-spectra of two as deposited films at 600 W, with an Ar-pressure 
of 2.6x10-3 and 1.5x10-2 mbar. Both show an amorphous calcium phosphate with broad phosphate 
bands in the regions at 1000 and 600 cm-1. On the other hand, it can be observed that the phosphate 
band at 1000 cm-1 for the films sputtered at higher Ar-pressure consists of two more distinct 
peaks. Similar features are observed in films deposited at 400 Watts, whereas the films sputtered 
at 200 Watts only show the broad peak at 1000 cm-1. A ll films sputtered at 800 Watt show the 
two distinct peaks in the region of 1000 cm-1. This transition from a broad peak towards two 
more distinct peaks indicates that the films become slightly more crystalline or less amorphous 
at higher discharge power and at higher argon pressure.
FT IR  analysis shows that the broad phosphate regions split up in the different phosphate 
bonds during annealing at 550 °C . Phosphate bonds of hydroxyapatite at 570 and 600 cm'1 
and at 963, 1020, 1083 cm-1, and phosphate bonds of tetra-calciumphosphate (Ca4P2O9) and 
oxy-apatite at 945 and 1124 cm-1 (figure 4.5b) are present. The peak heights differed for different 
samples, but no systematic variation of the distinct peak heights with variation of the Ar pressure 
could be observed. The OH-peaks of hydroxyapatite at 3572 and 630 cm-1, which could not 
be seen in the as deposited films due to the high water related absorbance, appeared after annealing. 
These OH-peaks differed considerably in height for the different films. For some films the 
OH-bonds had almost completely disappeared, while other films showed very large OH-peaks. 
The height of the OH-peaks was independent of argon pressure, but OH-peaks seemed to be
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larger for films with lower Ca/P-ratio's.
Rest gas analysis showed that the films with a very small OH-bond absorption intensity 
in the FTIR-measurements, were deposited with a much lower partial water pressure than the 
films which showed a large OH-bond. To confirm this relationship some additional films were 
sputtered with a background pressure below 6.0x1c-6 mbar, but with a partial water-pressure 
during deposition which was 5% of the argon pressure. A ll these films showed, after annealing, 
a large OH-bond in the FTIR-pattern. The presence of background water-vapour appeared 
to influence the number of the OH-bond in the films as well as the Ca/P-ratio of the films. We 
also observed an oxygen-mass 32 peak in the rest gas spectra while sputtering at larger water- 
vapour background pressures.
4.4 O X Y G EN  P R E S S U R E  and D ISC H A R G E P O W ER
4.4.1 Film composition
Figure 4.6 shows the Ca/P-ratio measured with RBS, for as deposited films at 200 and 400 
W  and total pressures of 1.5x10-2 and 3.0x10-3 mbar as a function of the partial oxygen pressure. 
The Ca/P-concentration ratio decreased when the total pressure decreased from 1.5x10-2 down 
to 3x10-3 mbar (see also fig. 4.2). The Ca/P-ratio also decreased when a partial oxygen pressure 
of 5% of the argon pressure was applied. This occurred for all values of the discharge power 
or total gas pressure. W ith 10% partial oxygen pressure the Ca/P-ratio reached a minimum 
value. A  Ca/P-ratio of1.67 (o f stoichiometric material) was established at 200 W , with a total 
pressure of 3.0x10-3 mbar and 5%-10% of oxygen.
In figure 4.7 the O/P ratio is plotted as a function of the oxygen pressure. As expected 
the O/P concentration ratio is slightly larger than 4. This agrees with the stoichiometry of 
hydroxyapatite. We found no significant difference of the O/P concentration ratio between 
films deposited with different partial oxygen-pressures. However, since the Ca/P concentration 
decreased with increasing oxygen pressure, we conclude that the oxygen content in the film  
increases with increasing oxygen pressure.
4.4.2 Thickness
Figure 4.8 shows the thickness of the films measured with the alpha-step. The data show a 
sharp decrease in sputter rate when oxygen was introduced in the sputter chamber. Already 
when 1% oxygen was applied the sputter yield decreased about 60%.
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Figure 4.6 Ca/P-ratio as a function versus oxygen 
pressure, for films deposited at: (+) 4GGW, 1.5x1G-2 
mbar, (°) 4GGW, 3x1G'3mbar, (a) 2GGW, 1.5x1G'2 
mbar, (v) 2GGW, 3x1G-3mbar mbar. The solid line 
indicates the stoichiometric Ca/P-ratio for HA
Figure 4.7 O/P-ratio versus oxygen pressure, 
(+) 4GGW, 1.5x1G-2mbar, (°) 4GGW, 3x1G-3mbar, 
(0  2GGW, 1.5x1G-2mbar, (v) 2GGW, 3x1G-3mbar
Figure 4.8 Thickness as a function of oxygen pressure, 
for films deposited at: (+) 400W, 1.5x1C2mbar, (°) 400W, 
3x10-3mbar, (*) 200W, 1.5x10-2mbar, and (v) 200W, 3x1C3mbar
4.5 PO T EN T IA L  D IST R IB U T IO N
4.5.1 VdC Target
Figure 4.9 shows the V dc, target as a function of (a) the power, (b) the argon pressure, and (c) 
the partial oxygen pressure. The target voltage increased with increasing power level. In the 
range of 10-3 mbar the argon pressure did not seem to influence the target voltage. Below 1x1C3 
mbar the V dc, target increased very rapidly. With increasing the argon pressure only a small decrease 
in V dc, target was found for pressures > 1x10"2mbar. We see that the target becomes more negatively 
charged when oxygen is applied during deposition and that the largest variation occurs between 
0 and 5% of oxygen. Further, we observe that the difference in target voltage due to the applied
CHAPTER 4 Influence o f various deposition parameters 47
oxygen is smaller than the difference in target voltage due to variation of applied power (200
Figure 4.9 Target dc-voltage (-V) as a function of a) power, b) argonpressure (at 4GG W), c) oxygen pressure 
(at 4GG W), (+) 1.5x1G-2 mbar, ( a )  3.Gx1G-3 mbar
a b
c
and 4GG W ).
4.5.2 Bias
The plasma-to-substrate voltage was varied by applying a negative bias to the substrate. We 
found in these experiments (figure 4.10), that the Ca/P-ratio increases when an extra negative 
bias to the substrate is applied. At a bias-power of100 W  the phosphorus content in the film  
appeared less than 6% of the calcium content (Ca/P > 12). The in these conditions formed calcium­
oxide layer was transformed in air to calcium-hydroxide and detached from the substrate.
4.5.3 Thickness
4.5.3.1 Substrate
We investigated the Ca/P-ratio as a function of layer thickness. Films of various thicknesses
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from 5 nm up to 500 nm were deposited with a power of 400 W. Figure 4.11 shows the average
Figure 4.10 RBS-spectra of three films sputtered at 
Figure 4.11 Average Ca/P-ratio as a function of 
400W, 1.5x10-2mbar. This plot shows the decrease of the thickness of the films. The films are sputtered 
phosphorus and oxygen contents in the film due to at 400W, 1.5x10-2mbar, (*) pure argon conditions, 
the extra bias power (°) 5% oxygen
Ca/P-ratio of these films. We found that the Ca/P-ratio in thinner films is smaller than the Ca/P- 
ratio of thicker films. For films sputtered at 400 W  in pure argon conditions or with 5% of 
oxygen, the thinner films showed a Ca/P-ratio as low as 1.57. We propose that during growth 
the Ca/P-ratio increases until a thickness of approximately 60 nm is reached and thereafter 
remains constant. Overall, the Ca/P-ratio increased from 1.57 to 2.05. To examine a possible 
insulating effect of the various films, Auger electron spectroscopy utilizing a primary e-beam 
of 2.7 keV and 0,1^A-1mA was used. Peak shifts in the spectrum indicated increasing charging 
effects for a layer thickness exceeding 30 nm.
4.5.3.2 Target
To examine the influence of the decreasing thickness or possible oxygen depletion of the target 
during sputtering, 6 films were deposited in 6 series of 4 hours each. Deposition parameters 
were as follows; P=400 W, Par=1.5x10-2 mbar and no additional oxygen was applied. The Ca/P- 
ratio of the samples was measured with RBS. Figure 4.12 shows the RBS-spectra of the samples. 
It appears that the film composition is constant for all films and, consequently, for all target 
depths. The Ca/P-ratio in this series amounted to 2.3-2.4. These absolute values are different 
from the values measured for figure 4.2 (Ca/P=2.1), which we attribute to variations in target 
composition and preparation (see chapter 5).
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Figure 4.12 RBS-spectra of films sputtered in different series at 400 W, 1.5x10-2mbar for 4 hours
4.6 D ISC U SSIO N
In this chapter we described the influence of the variation of several sputter deposition parameters, 
on the stoichiometry and structural appearance of Ca-PO coatings. The experiments were focused 
on how to achieve a coating with a Ca/P-ratio of 1.67 of stoichiometric hydroxyapatite.
In chapter 1 we explained the rf sputter deposition process, and we have indicated that 
in rf discharges both electrodes are bombarded by electrons, ions, and reflected energetic neutrals. 
We also explained that the properties of the deposited films depend on:
(1) the number of electrons and ions in the plasma
(2) the number of collisions of the electrons, ions, and energetic neutrals in the dark sheath 
regions between target-and-plasma and the dark sheath region between substrate-and- 
plasma
(3) the energies of these particles (electrons, ions, and reflected neutrals)
(4) the sputter yield (number of sputtered target atoms per incident argon ion)
(5) the number of collisions of the sputtered particles before they reach the substrate.
In our sputter system we cannot directly measure the energy of the bombarding particles or 
the sputter yield. The experiments showed that the Ca/P-ratio in the deposited films increases 
with a) increasing discharge power, and b) when a substrate bias was applied. The Ca/P-ratio 
decreased with a) decreasing argon pressure, and b) when additional oxygen is applied. The 
O/P-ratio did not seem to be influenced by addition of oxygen in the sputter gas, but the oxygen 
content in the film increases with increasing oxygen pressure. The Ca/P-ratio for thin layers
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increases with increasing thickness. We suggest that this finds its cause in the insulating properties 
o f the formed film. Further, we saw that with increasing discharge power the target voltage 
became more negative. In the pressure range we used for our samples, the target voltage appeared 
to become less negative with increasing working pressure. On the other hand, when oxygen 
was applied, de target voltage became more negative. By discussing these results, we can get 
insight in which parameters are important for the composition, thickness, and structure o f our 
films.
4.6.1 Composition and deposition rate
4.6.1.1 Impact energy
As described in chapter 3 and as shown in figure 4.2 o f this chapter, increasing the power level 
results in an increased Ca/P-ratio o f the deposited coating. Figure 4.9b shows that the magnitude 
o f the dc voltage o f the target increases substantially with increasing power level. The latter 
means that at higher power levels, the argon ions impinge on the target with higher energies. 
Therefore, the deposition rate increases, as can be seen in figure 4.3, but also the energetic 
neutrals reflected at the target gain more energy. Subsequently, these energetic neutrals impinge 
at the substrate with higher energies. We now suppose that the increase in Ca/P-ratio for increasing 
power level is explained by preferential sputtering o f phosphorus out o f  the growing film by 
these energetic neutrals.
When a negative bias is applied to the substrate we observe that the Ca/P-ratio o f  the 
film increases dramatically. A negative bias increases the plasma-to-substrate voltage, which 
means that the argon ions impinge at the substrate with higher energy. Consequently phosphorus 
may again be preferentially sputtered from the film, this time by the argon ions. One can also 
suggest that higher plasma-to-substrate voltage hampers in an increasing extent negatively 
charged ions from reaching the substrate. Atoms, but also negative ions (positive ions are 
neutralized by electrons present directly above the target), and clusters o f  atoms and ions are 
sputtered out o f  the target. If, encouraged by the results o f  the bias experiment, we assume 
that part o f  the phosphorus is sputtered as P3- or as PO43-, then these ions lose energy between 
discharge and substrate, when a negative bias is applied, and suffer more from collisions in 
the dark sheath region. This would also explain the lower phosphorus content in the films. 
However, the suggestion o f this role o f  negative P-ions does not corroborate with the lower 
phosphorus content, which we found in films sputtered at higher power levels. Since one should 
expect that at higher power level, which means a higher target-to-plasma voltage, the negative 
ions will leave the cathode dark sheath with higher energies, a larger number o f these ions 
would be able to reach the substrate. This is in contradiction with our findings given in fig. 
4.2. Therefore, we assume that most o f  the sputtered species are neutral.
CHAPTER 4 Influence o f various deposition parameters 51
The change o f calcium and phosphorus content in the film as a function o f film thickness 
can also be explained by the development o f a negative substrate bias. This development o f 
a negative bias is due to charging o f the substrate with electrons during the deposition process. 
From the peak shifts in electron spectroscopy we saw that the films became charged by electrons 
after a thickness o f 30 nm. Consequently, we assume that in the sputter system the substrate-to- 
discharge potential changes into a more negative potential when the film grows thicker and 
becomes insulating. As we saw from the bias experiments this leads to a higher Ca/P-ratio.
4.6.1.2 Argon pressure
In this experiment we observed that the dc target voltage decreased with increasing argon pressure, 
while the deposition rate increased with increasing argon pressure. This result can be explained 
with the sputtering model [16] (see also chapter 1). W hen the gas pressure is increased, the 
discharge current increases and the voltage drops. Consequently, the concentration o f  argon 
ions increases, but their energy decreases. Since the yield o f sputtered particles increases 
proportionally with the number o f  impinging energetic ions, but decreases linearly or less than 
linearly with decreasing ion energy, a net increase in the total number o f  ejected atoms from 
the target may result. However, there is an upper limit to it, since with increasing Ar-pressure, 
the sputtered atoms will undergo more collisions with Ar atoms before arriving at the substrate.
A decrease in target voltage should result in a decrease in Ca/P-ratio, as explained above. 
However, when we increase the argon pressure, and consequently the magnitude o f the target 
voltage decreases, we see that the Ca/P-ratio tends to increase (fig. 4.2). This can be explained 
by considering the different masses o f the elements. Phosphorus has a lower mass than Ar (30.1 
vs 39.9), while calcium with mass 40.1 is almost o f the same mass as argon. Phosphorus atoms, 
therefore, suffer more from the collisions in the gas phase than calcium. Probably, at higher 
Ar-pressures the flux o f phosphorus becomes more directional uniform in comparison to the 
flux o f  calcium, due to the collisional effects.
4.6.1.3 Oxygen
In this study, we showed that the Ca/P-ratio o f films sputtered from a Ca5(PO4)  OH-target reaches 
the stoichiometric value o f 1.67, when oxygen is applied during the deposition process. It is 
striking that while the Ca/P-ratio o f the films decreases during oxygen admission, the O/P-ratio 
remains constant at about 4.2. This is an indication that additional phosphorus is present as 
phosphate in the film and that, as we expected, less resputtering o f  phosphorus takes place 
than when no oxygen is applied. Since phosphorus bonds as PO4 in HA, better binding conditions 
[20] are achieved for phosphorus at the substrate surface when oxygen is applied during the 
growth process.
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There are two possible reasons why additional oxygen is required during the sputter 
process. Oxygen released from the target may form stable molecules which are easily pumped 
away. Or oxygen at the substrate is preferentially sputtered out o f  the growing film, which will 
prevent phosphorus from binding to the film. W hen oxygen is applied during sputtering the 
lost or preferentially sputtered oxygen from the substrate is back-filled with the oxygen o f the 
rest-gas.
Introduction o f oxygen, during the deposition process, not only changes the stoichiometry 
o f  the film, but also influences the deposition-rate and the target self-bias. W hen oxygen is 
introduced in the gas during sputtering, the magnitude o f the dc target voltage increases, but 
the Ca/P-ratio o f the deposited films decreases. So, with feeding oxygen into the sputtering-gas 
several deposition parameters are modified.
The following explanation can be given for the decrease o f the deposition rate during 
oxygen admission. First, oxygen is known as an electron scavenger [1]. Secondly, oxygen will 
alter the target surface composition, which will lead to (1) an increase in sputter yield, but also 
(2) in a change o f secondary electron emission. For glow discharge processes, electrons are 
essential to sustain the process (chapter 1), since the electrons are needed for the ionisation 
o f new working gas atoms. Reduction o f the number o f energetic electrons will therefore decrease 
the discharge current [16,21]. For a constant discharge power, a decrease o f the discharge current 
results in a higher voltage, and as less ions will reach the target, the sputter rate decreases.
Muralidhar et. al.[2] reported that in oxygen discharges the substrate potential is more 
negative than in argon discharges, due to the formation o f  negative ions, which will lead to 
a decrease in positive ion bombardment. Thus in this model, the plasma-to-target potential 
and plasma-to-substrate potential are influenced by the presence o f  oxygen in the discharge. 
For the target used in this study, we observed a small increase in the target self-bias potential 
when oxygen was applied. At increasing voltage and decreasing current, the number o f argon 
ions arriving at the target decreases but their energy increases. Also the energy o f the ions reflected 
as neutrals increases. Thus less neutrals will arrive at the substrate, but with higher energies. 
From the bias-experiments we deduced that bombardment o f the substrate with particles having 
a higher energy, leads to a higher Ca/P-ratio o f  the films. However, when applying oxygen, 
the Ca/P-ratio o f the films decreases. Therefore within this line o f reasoning, we must conclude 
that the decrease o f the Ca/P-ratio due to the decreasing number o f  argon-ions and energetic 
neutrals is higher than the increase o f Ca/P-ratio due to the increase o f the particle bombardment 
energy. This is plausible, since the sputter (or back sputter) yield decreases proportionally with 
the decreasing number o f  ions, but increases less than linearly with the increasing bombarding 
particle energies [16].
In our system, the relative decrease in sputter rate due to oxygen admission appeared
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to be independent o f power level as well as o f  the total gas pressure. A partial oxygen pressure 
o f 1% o f the total argon pressure already resulted in a film thickness that is half o f  the thickness 
o f film that is sputtered in pure argon conditions. However, a further increase o f  the oxygen 
pressure does not lead to a further decrease o f  sputter rate. We can explain the decrease in 
deposition rate i f  we assume that during sputtering in pure argon conditions a depletion o f 
oxygen at the target surface occurs, so that phosphorus and subsequently calcium are more 
readily sputtered. This depletion o f oxygen may be either due to: (1) preferential sputtering 
o f oxygen from the target because o f its smaller mass (compared to other elements in the target), 
or (2) temperature induced diffusion or desorption, as is suggested by Muralidhar et al.[2] for 
sputtering o f YBaCuO. Apparently, already 1% o f  oxygen in the sputter gas for a total gas 
pressure o f 1.5x10"2 mbar as well as for a total pressure of 3.0x1er3 mbar, results in a compensation 
o f  this oxygen depletion.
We can estimate the loss o f oxygen atoms at the target, due to the sputtering process, 
per cm2 per second i f  we assume that all material sputtered from the target (area=3.85x1017 
Á2) is deposited on the substrate (area=~3.14x1018 Á2). We consider the sputter conditions 
at 400 W  and a total pressure o f  3.0x10-3 mbar with no additional inlet. This gives a sputter-rate 
o f 0.875 ^m/h (2.43 Á/s) (see fig.4.7). With the assumptions made above and taking the size 
o f the target and substrate into account, we calculate that per second a layer o f 19.83 Á is removed 
from the target. For HA (Ca10(PO4)6(OH)2), with a single crystal unit cell volume o f  530 Á3 
[22], 0.97x1016 O at/cm2 are sputtered per second. When we add oxygen to 1% o f the argon 
pressure, i.e. 3.0x10-5 mbar, we get ~1.3x1016 oxygen atoms striking 1 cm2 per second [1]. 
It is therefore plausible that when additional oxygen is feeded to the gas during sputtering the 
empty oxygen positions on the highly reactive target are backfilled with oxygen from the rest-gas.
4.6.2 Structure
From the XRD-measurements we learned that the main structure o f our films was apatite, with 
only some tetra-calcium phosphate and CaO-peaks. The CaO-peaks were larger for films deposited 
at higher discharge power level. This is in agreement with the observed increase o f Ca/P-ratio 
at higher sputtering power. From films deposited at higher discharge power, phosphorus can 
either be sputtered out o f  the growing films by argon ions or reflected energetic neutrals, or 
Ca-atoms may be implanted in the film. In this last situation, it is possible that Ca or CaO is 
present between the grains o f the calcium phosphate polycrystal. In addition, since hydroxyapatite 
has a hexagonal structure with the OH-groups situated on the c-axis, the Ca-atoms can also 
be located on the OH-site. This is consistent with the results from FTIR-measurements, in which 
it is also seen that the films do not consist for 100% o f hydroxyapatite, but probably o f a mixture 
o f oxy-hydroxyapatite and tetra-calciumphosphate. In oxy-apatite two OH--groups are substituted
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by one O2--ion. This O2--ion occupies only one o f the OH-sites and the other OH-site is left 
vacant [23]. Since there is sufficient space, a calcium-atom can easily be trapped in this vacancy 
[24,25]. However, this would be in disagreement with the measured lower density o f the films. 
The density o f  the sputtered films is lower than the density o f stoichiometric hydroxyapatite. 
This would mean that our films are porous or that there are vacancies in the crystal lattice. 
Considering the Ca, P and O content measured with RBS, one could assume a vacancy 
concentraion o f 6% phosphorus and 5% oxygen at 200 Watt up to 17% phosphorus and 18% 
oxygen at 400 Watt. Still, these vacancies can not fully explain the ± 25% lower density o f 
the films, since we did not observe a relation between Ar-pressure or power level and atomic 
density, in the pressure range between 2.6x10-3-2.6x10-2 mbar. It is difficult to imagine the 
exact structure o f the deposited films. The main part consist o f  hydroxyapatite, there must be 
some porosity, there may be Ca trapped on OH-sites, and there must be other places where, 
due to phosphorus vacancies, calcium is situated or calcium oxide is formed.
4.7 SUM M ARY
The effect o f  argon pressure, partial oxygen pressure and dc target voltage on the composition 
and deposition rate o f r f  magnetron sputtered C a^PO ^ OH-layers was investigated. The deposition 
rate and the Ca/P-ratio appeared to increase with increasing argon pressure. The Ca/P-ratio 
decreased when applying oxygen during sputtering. Consequently a Ca/P-ratio o f 1.67, which 
is the stoichiometric value o f  hydroxyapatite can be obtained by introducing oxygen in the 
sputter gas. We have also shown that the average Ca/P-ratio increases with increasing film 
thickness, with increasing external negative bias, and with increasing dc target voltage.
We deduced that the energetic particle bombardment is an important parameter for the 
stoichiometry o f  the films. We have shown that the Vdc,target changed considerably when the 
discharge power is changed. We suggest that phosphorus is preferentially sputtered from the 
growing film. This might explain the difference in Ca/P-ratio for films deposited at different 
power levels. Also with applying a negative bias to the substrate the Ca/P-ratio is influenced 
considerably. Variation o f the argon pressure or variation o f the partial oxygen pressure also 
influences the Vdc,target. Variation o f the argon pressure not only changes the dc target voltage 
but also the number o f atoms present in the discharge. Therefore the number o f collisions o f 
the sputtered atoms, that occurs before they reach the substrate, is modified.
Applying oxygen to the sputter gas (1) decreases the number o f  secondary electrons, 
because oxygen is an electron scavenger, (2) decreases the sputter yield by changing the target 
surface composition, and (3) modifies the secondary electron emission, which is also due to 
the change in target surface composition. Oxygen in the background gas also back-fills the 
preferentially sputtered oxygen atoms from the growing film. In this way, oxygen both influences
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the Ca/P-ratio o f  the films and the deposition rate.
From FTIR-measurements it was inferred that the presence o f water in the background 
gas results in the presence o f OH-bonds in the sputtered films. It was found that this also influences 
the Ca/P-ratio. XRD measurements confirmed the higher Ca/P-ratio in the films as was found 
by RBS. After annealing CaO and tetra-calciumphosphate peaks were found besides the strong 
hydroxyapatite peaks.
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CHAPTER 5
ERD-MEASUREMENTS
5.1 IN TR O D U C T IO N
In the previous chapters the variations o f  the Ca/P- and O/P-ratio as a function o f several 
deposition parameters have been described. We found in the infra-red spectra ofthe as deposited 
films a broad absorption region, where we expected the peak o f the OH-bond. We attributed 
this to the presence o f water. During annealing, the broad water related region disappears, and 
in most cases the OH-bond appeared. The appearance o f the OH-bond related features, appears 
to be dependent on the background pressure during deposition [1]. We also found that the Ca/P- 
ratio in the deposited films depends on the background pressure, especially on the amount o f 
oxygen present in the background gas. In this chapter, we present a complete analysis o f  our 
films. We want to know the absolute amount o f calcium, phosphorus, oxygen and hydrogen 
in our films. Further, we are interested whether our films are contaminated by carbon coming 
from the oil-diffusion pump [2] or whether argon is implanted during the deposition process. 
We also want to learn whether the water absorption as observed in the infra-red spectra, is due 
to water absorbed during sputter deposition or whether this water is incorporated in the coatings 
after deposition. Since hydroxyapatite is known as a hygroscopic material [3], a large amount 
o f hydrogen incorporated in external and internal surfaces would not be surprising. To determine 
whether the large hydrogen content in the sputtered films is due to hydrogen absorption during 
deposition or due to water absorption during venting, different films were deposited which 
were vented by nitrogen mixed with deuterium (by leading through D2O) or which were deposited 
in a mixture o f argon and D2O vapour.
The composition measurements in the previous chapters were performed using Rutherford 
backscattering spectrometry (RBS) [4]. In the RBS-measurements we used He-ions with a 
energy o f 2.01 MeV, impinging on the samples, while we measured the number and energy 
o f these ions backscattered in the direction o f the detector (see chapter 2). Since ion backscattering 
from hydrogen is impossible, this element cannot be detected by RBS. Another drawback o f 
RBS is its poor sensitivity for light elements present in a heavier matrix. This is caused by the 
relative low value o f the cross section a for backscattering for light elements and because the 
energy o f a particle will be low when it is backscattered from a light atom. Therefore, the features
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corresponding to light elements in a heavy matrix tend to be drowned in a background representing 
the presence of matrix atoms at a certain depth [5]. For our samples, traces of carbon or nitrogen 
would be drowned in the RBS spectra in the background due to calcium, phosphorus and oxygen, 
or for very thin samples in the background of the titanium of the substrate material. Further, 
with RBS we cannot discriminate between calcium and argon, because these elements have 
nearly the same mass (40.08 and 39.95 respectively).
Elastic recoil detection (ERD) is a technique that can be used to detect hydrogen in a 
sample without any background. In ERD the sample is also bombarded by energetic ions. In 
contrast with RBS, not the energy of the primary ions is measured, but the energy and number 
of the recoiled atoms from the target are determined. By an appropriate choice of the mass 
and energies of the primary ions, target atoms with different masses can be separated. Depending 
on the film thickness and the experimental conditions, ERD provides areal concentrations and/or 
concentration ratios of the elements present.
Consequently, to measure the exact amount of hydrogen and deuterium present in the 
film as a function of various deposition parameters, we investigated our samples with ERD. 
Combining RBS and ERD, we can get complete information about the composition of the different 
samples. We used proton induced X-ray emission (PIXE) to investigate the presence of argon 
in our films. In addition, we used atomic force microscopy (AFM) to determine the existence 
of a difference in morphology at the surface of the different coatings.
5.2 P R IN C IP L E  O F  ERD
Figure 5.1 gives a schematic view of an ERD configuration. In the ion beam analysis three 
factors are important: the kinematic factor, the scattering cross section and the stopping power, 
see chapter 2. Like for RBS, the scattering process, and hence also the recoiling is described 
in terms of Coulomb repulsion and is completely elastic. The energy of the recoiled particle 
(mass M2), expressed as a fraction of the primary beam energy (mass M1), given by the kinematic 
factor Kr, is calculated from the laws of conservation of energy and momentum
E1 4MM2
Kr=— =----- L-2 - cos21 (5 1)
r E0 (M1+M2)2 (51)
E0 and E1 are the energy of the primary beam and of the recoiled particle respectively, 1 is 
the recoil angle. The mass resolution in ERD experiments decreases if the recoil angle 1 is 
increased.
The probability of a particle to be scattered into a detector solid angle d6 centred around
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Figure 5.1 Schematic of an ERD-configuration Figure 5.2 Hydrogen and oxygen coverage (1015 at/cm2)
in a 200 W and 10 W bias film, as a function of the total ion 
fluence, during an ERD measurement
an angle 1  is given by the differential cross section da/dQ, or if  the variation o f da/dQ is small 
over dQ, by the scattering cross section a. The scattering cross section largely depends on the 
primary beam energy as it varies as 1/E02. For a thin film, the total yield Yi o f  partic le sfo ra  
specific element (i) in the measured spectra is then given by
QQajNj
Y=-
sina
(5.2)
Q is the number o f incident ions and N  is the atomic coverage (atoms per unit area), a is shown 
in figure 5.1.
The energy spectra are shaped by the extent of the energy loss of the primary ions and 
the recoiled particles traversing through material. In the energy range under consideration, 
the energy loss is mainly due to interaction o f the ions with the electrons in the material, causing 
excitation and ionization o f the target atoms. To evaluate the relation between depth and energy, 
the stopping powers on in- and outward paths have to be taken into account [6].
5.2.1 Conventional ERD
In ERD heavy primary ions are used. Unlike RBS, ERD does not detect the energy o f  the 
backscattered primary ion, but evaluates the energies o f the other participant in the collision,
i.e. the atom initially residing in the target. Consequently, in ERD the information about the 
target is carried by the target nuclei themselves. Since detection in ERD occurs in a forward 
scattering geometry, both scattered and recoiled particles move in the direction o f the detector. 
To distinguish the light energetic recoils from the heavy primary particles an absorber foil is
60 RF magnetron sputter deposition and characterization o f Ca5(PO)3OH-coatings
placed in front o f  the silicon surface barrier (SSB) detector. The stopping power in the foil 
decreases substantially with decreasing mass o f the moving particle. Therefore, the thickness 
o f the foil can be chosen such that the light energetic recoils are allowed to reach the detector, 
while the heavy primary particles or heavy recoils from the matrix or substrate are completely 
stopped. In this way the lighter atoms (including hydrogen or deuterium) can be detected without 
any background [7].
5.2.2 Transmission ERD
In transmission dE-E spectrometry the foil in front o f  the detector, to stop the primary ions 
or heavy matrix atoms, is replaced with a thin (6-11^m) silicon detector. The energy loss o f 
the recoiled particle (dE) in this detector and the signal in the end detector (end or stopping 
energy o f the recoiled particle, E) are recorded in coincidence [8]. The distinct elements are 
characterized by the distinct energy loss in the transmission detector, thus in a dE-E-plot, target­
elements can be distinguished which would overlap in a conventional ERD-plot. The depth 
resolution in transmission ERD is limited by the energy resolution o f  both the detectors.
In our analyses both conventional and transmission ERD were used.
5.3 E X PER IM EN T A L
5.3.1 Sample preparation
Samples were deposited in the Edwards ESM 100 r f  magnetron sputtering device. The target 
consisted o f plasma sprayed oxy-hydroxy-apatite (CAM-implants). Argon was used as working 
gas for the discharge. Total pressure during the deposition process for all samples amounted 
to 1.5x10-2 mbar. Table I shows the different deposition parameters we used for the transmission 
ERD-measurements. The sputter power used for this experiment amounted to 400 and 200 
Watts. The samples were deposited with pure argon inlet, with additional oxygen inlet o f1%  
and 5%, and with additional water vapour. Deposition with additional water vapour was achieved 
by leading the argon through a water bottle at 40 °C. The series sputtered at 200 Watts were 
deposited with a substrate bias o f 0, 5 and 10 Watts. The series deposited at 400 W  were examined 
as deposited and after annealing for 2 hours at 500 °C. To measure the deuterium or hydrogen 
content in the samples, 200 nm  thick films were deposited at 400 W. We deposited these films 
at a total pressure o f  1.5x10-2 mbar o f  pure argon or with additional oxygen (5%), or with 
additional D2O, by leading the argon through a water bottle filled with D2O. The films deposited 
with 0 and 5% additional oxygen were vented with nitrogen, containing D2O, by leading the 
nitrogen (normally used venting gas) through a bottle o f  D2O at 60 °C. Between the different 
deposition runs the vacuum chamber was pumped down for 24 hours and flushed with argon 
gas.
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For the atomic force microscopy (AFM) measurements the titanium substrates were 
polished to a roughness smoother than 20-30 nm. Films deposited at 400 W, 1.5x10-2 mbar, 
with 0, 5, and 10% additional oxygen and with additional water vapour were compared for 
their surface structure.
Some o f the films deposited with additional water vapour detached from or buckled 
o ff the substrate. This is probably due to stresses in the film.
5.3.2 Analysis
The ERD-measurements were performed at the 6 MV Tandem Van de G raaff generator o f 
the university o f Utrecht. We have seen in the previous chapter that the composition o f the 
films depends on the thickness o f the films. However, for the transmission ERD-measurements, 
we have to use thin films to detect the oxygen and phosphorus o f the film separated from titanium 
and aluminium o f the substrate. In these experiments we chose to deposit films with a thickness 
o f  80 nm. It has been demonstrated that for 80 nm samples the composition appears to be 
independent o f  film thickness and can be conceived as the bulk composition. To detect the 
film  elements apart from the substrate background, we used 72 MeV A g11+-ions for the 
transmission ERD measurements, at an angle o f a=25 ° and a recoil angle o f 1  =37° (see fig. 
5.1). These samples were also analyzed by standard 4He+ Rutherford backscattering spectrometry 
[4] (RBS) at 2.012 MeV.
Figure 5.2 shows the hydrogen and oxygen content in the film deposited at 200 W, with 
10 W  bias and additional water vapour, versus the fluence during an ERD measurement. The 
fluence is the number o f incident particles on the target per unit area [9]. The apparent hydrogen 
concentration in the film decreased from about 250x1015 at/cm2 to 120x1015 at/cm2. The oxygen 
concentration also seemed to decrease from about 400x1015 at/cm2 to 330x1015 at/cm2. Hydrogen 
and oxygen leave the film during the measurement due to the ion bombardment, maybe as H2O. 
The results we present later on have been obtained by extrapolation to zero ion dose.
Conventional ERD was used to determine the amount o f hydrogen and deuterium in 
the films. The conventional ERD measurements were performed with 12 MeV Si, with a Mylar 
stopping foil (C10H8O4, 1.395 g/cm3) placed in front o f  the detector. For the conventional ERD 
measurements as well as for transmission ERD-measurements a Si3N38H).25 silicon nitride sample 
with an areal density o f  1850x1015 at/cm2 was used as a reference sample.
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Figure 5.3 Transmission dE-E ERD spectrum of a 
400 W, 0% deposited calcium phosphate layer on 
Ti-Al-V. ERD measurement was performed employing 
a 78 MeV Ag12+ beam, a=25° and (|) =37°. The energy 
loss in the transmission detector is plotted along the y- 
axis. The remaining energy is plotted along the x-axis
Figure 5. 4 An RBS ( 4He+, 0=170°) spectrum of 
films deposited at 200 W, with 0%, 1%, and 5% 
additional oxygen inlet. Amounts ofcalcium, phosphorus 
and oxygen are found on top of the titanium background 
of the Ti substrate
5.4 RESU LTS and  D ISCU SSIO N
5.4.1 Composition
Figure 5.3 shows an example o f a transmission dE-E ERD spectrum o f a film deposited at 400 
W in a pure argon discharge. The energy loss o f the elements in the transmission detector is 
plotted at the y-axis. The remaining energy is shown at the x-axis. The amount o f measured 
particles is shown by the degree o f blackness. It is clear that the amount o f oxygen, phosphorus 
and hydrogen can be determined without interference o f the background o f the titanium and 
aluminium o f the underlying substrate. Only the calcium o f the top layer is drowned in the 
background o f the titanium o f the substrate. In this plot also some carbon is visible. This is 
carbon located at the interface between the substrate and the deposited film. Carbon contamination 
on top o f the deposited film would result in a peak around channel 1320. The origin o f the 
carbon on the interface is probably related to the preparation procedures [10]. Once a cleaned 
titanium substrate is exposed to air, carbon appears on its surface [11]. To remove this top layer 
our substrates were sputter cleaned before deposition (chapter 3). However, since we use 
polycrystalline titanium substrates, carbon can also be situated between the grains during polishing. 
This carbon is hard to remove by the sputter etching procedure.
Figure 5.4 shows an RBS-spectrum o f film deposited at 200 W and 1% oxygen. The 
RBS-spectrum show Ca, P, and O on top o f the titanium o f the substrate. From the RBS- 
measurements we obtained the Ca/P-ratio.
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Table I The atomic percentage of the complete composition of the films, as measured with transmission ERD 
and RBS.
Conc.H (at%) Conc.O (at%) Conc.P (at%) Conc.Ca (at%)
200W, 0% 6.5% 59.5% 11.6% 22.4%
1% 8.5% 61.8% 11.8% 17.9%
5% 6.8% 61.1% 13.2% 18.9%
H2 O 16.2% 53.8% 10.4% 19.6%
200W, 5W, 0% 4.4% 61.2% 11.2% 23.2%
1% 7.3% 62.2% 11.6% 18.9%
5% 10.2% 60.8% 11.7% 17.3%
H2 O 20.4% 54.9% 9.1% 15.6%
200W, 10W, 0% 7.1% 55.5% 9.1% 28.3%
1% 11.2% 56.6% 10% 22.2%
5% 12.6% 55.5% 9.9% 22%
H2 O 24.6% 53% 7.7% 14.7%
400W, 0% 5.6% 61.8% 10.8% 21.8%
0%, annealed 3.5% 55.8% 12.2% 28.5%
1% 6.9% 61.4% 11.4% 20.3%
1%, annealed 3.2% 57.6% 13.9% 25.3%
5% 6.9% 59.6% 12.1% 21.4%
5%, annealed 3.9% 56.7% 14.2% 25.2%
H2 O 12.5% 57.9% 11.3% 18.3%
H2O, annealed 3.7% 60.8% 13.5% 22%
Combination o f the RBS data with the ERD yields ( Y) o f H, O, and P, resulted in the 
complete composition o f the deposited layers. Table I gives the concentration o f the different 
species in atomic percentage (at%) for the different deposition parameters. Figures 5.5, 5.6, 
and 5.7 show the trend in respectively the Ca/P-ratio, O/P-ratio, and H/P-ratio, as a function 
o f  the additional oxygen pressure added during deposition.
Figure 5.5 shows that the same trend in Ca/P-ratio is found as described in chapter 4. 
The absolute Ca/P-ratio appears to be different, probably because for this experiment a different 
set o f targets is used. This could result in a different impedance between target and target holder,
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Figure 5.5 Ca/P-ratio as a function of additional 
oxygen or water vapour added during deposition
Figure 5.7 H/P-ratio as a function of additional 
oxygen or water vapour added during deposition
Figure 5.6 O/P-ratio as a function of additional oxygen 
or water vapour added during deposition
(+) 400 W as deposited, 
( a )  400 W annealed,
(o) 200 W, 0 W bias, 
(+) 200 W, 5 W bias,
( a )  200 W, 10 W bias
which could influence the deposition parameters. For instance, in additional experiments we 
observed that the target self bias (Vdc, see chapter 4) differed for different targets. Unfortunately, 
it is impossible to use dense sintered crystalline HA targets in the sputter experiments. Several 
pilot experiments, as performed in our laboratory, demonstrated that such targets break due 
to considerable heating during sputtering (see chapter 8).
For all deposition parameters (400 W, 200 W, 5 W  bias or 10 W  bias) the Ca/P-ratio 
decreases when oxygen is added during deposition. Also when water vapour is added, the Ca/P- 
ratio o f the films appeared to be lower compared to deposition in pure argon conditions. 
Furthermore, we noticed that the Ca/P-ratio decreases when the deposition takes place with 
lower discharge power and increases when sputtered with an extra bias at the substrate holder.
Figure 5.6 shows ERD-measurements o f the O/P-ratio as a function o f additional oxygen 
or water vapour pressure. For comparison, the O/P-ratio o f stoichiometric hydroxyapatite is
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Figure 5.8 Hydrogen profile of a film deposited at 200 W with 5 W bias, measured with transmission ERD
(72 MeV Ag12+, a=25°, 4> =37°). Deposition with additional: ------ 0% oxygen, -•- 1% oxygen,....5% oxygen,
and - - - water vapour
4.33. The O/P-ratio o f the as deposited films never decreased to a value below 4.8. This could 
be due to a thin oxide layer formed on the titanium substrate, between sputter cleaning and 
deposition. The O/P-ratio o f  the films tends to decrease when deposition is carried out with 
an increased partial oxygen pressure. When deposited with water vapour the O/P-ratio o f the 
films appeared larger than in all other films.
5.4.2 Hydrogen content
Figure 5.8 shows the ERD hydrogen (dE-E) spectral region, for several oxygen partial pressures, 
o f a film deposited at 200 W with 5 W bias added to the substrate-holder. From this plot we 
see that the hydrogen content slightly increases when oxygen is added during deposition, and 
increases with a factor 7 when deposition takes place with water vapour compared to films 
deposited in pure argon.
Figure 5.7 shows the H/P-ratio for all the films as a function o f partial oxygen or water 
vapour pressure. For films, deposited with extra bias added to the substrate holder, the H/P-ratio 
increases with increasing oxygen pressure. Films deposited without bias shows no clear trend 
o f the H/P-ratio as a function o f partial oxygen pressure. For all films the H/P-ratio increased 
considerably when deposited with water vapour. Films deposited with 10 W bias and with 
additional water vapour contained the highest amount o f hydrogen.
5.4.3 Deuterium content
From the hydrogen profile in the ERD-measurements we deduce that hydrogen is present
66 RFmagnetron sputter deposition and characterization ofCa5(PO4)3OH-coatings
ba c
Figure 5.9 Hydrogen and deuterium depth profiles, measured with conventional ERD (12 MeV Si, a= 25°, 
(|) =35 °). a) 400 W, 0% oxygen vented with D2O, b) 400 W, 5% oxygen vented with D2O,c)400W,deposited 
with D2O-vapour
throughout the complete thickness o f the film (fig. 5.7). If  the films are porous to some extent 
it is possible that water is absorbed at the surface throughout the film during venting. Another 
possibility is that hydrogen is absorbed within the growing layers during the deposition process. 
To determine whether the high hydrogen content in the sputtered films is due to hydrogen 
absorption during deposition or due to water absorption during venting, different films were 
deposited which were vented by nitrogen mixed with D2O or which were deposited in a mixture 
o f argon and D2O-vapour.
First a 200 nm thick film was deposited in pure argon conditions and after deposition 
the system was vented by nitrogen which was led through D2O. Figure 5.9 shows the hydrogen 
and deuterium profiles o f these films compared with the hydrogen profile o f Si3N3 8H025 (fig. 
5.10), which is used as reference sample. ERD-measurement o f the first sample showed that 
the deuterium content was below the detection limit (fig. 5.9). Subsequently a film was deposited 
with 5% additional oxygen pressure and vented by nitrogen led through D2O. Next, a 200 nm
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Figure 5.10 Hydrogen and deuterium depth profiles, measured with conventional ERD (12 MeV Si, a= 25°, 
<j) =35 °). a) Si3N3.8H0.25 (reference sample), b) 400 W, 5% oxygen vented with D2O, c) 400 W, 0% oxygen vented 
with D2O
thick film was deposited by leading the argon through D2O. Both these films contained deuterium. 
The film deposited with D2O-vapour inlet contained twice as much deuterium as the film deposited 
with 5% additional oxygen inlet. From these results, no unambiguous answer could be given 
whether the deuterium was absorbed during deposition or afterwards, during venting. It is possible, 
that:
(1) Films deposited with additional oxygen or D2O- or H2O-pressure are more porous 
than films deposited under pure argon conditions. Therefore, these films absorb D 2O after the 
deposition process in contrast to the film deposited in pure argon conditions, or
(2) after the first time, when the system is vented with a mixture of nitrogen and D2O, 
D2O sticks to the walls o f  the system and degasses during the next deposition process.
To find out which process is important for the water absorption, a new series of samples 
was deposited. This time the film with 5% oxygen content o f the argon gas inlet was deposited 
first, and the film without additional oxygen was deposited next. Both were vented by leading
a c
68 RF magnetron sputter deposition and characterization o f Ca5(PO)3OH-coatings
nitrogen containing D2O. Figure 5.10 shows the ERD-profiles o f  these films. Table II shows 
the hydrogen and deuterium yield for all the measured samples. This time the sample deposited 
with 5% additional oxygen contained no measurable amount o f deuterium. The film which 
was deposited next, however, contained deuterium. This means that the deuterium is incorporated 
during deposition. We conclude that D (and H) originates from the background in the vacuum 
chamber, desorbing from walls and target, and is introduced during venting the system after 
deposition. This kind o f memory effect o f  the system is also described by Barankova et al.[12] 
for oxygen, but they showed this effect in one deposition run, without venting between different 
samples. Similar measurements using D2O showed that even after pumping down for 24 hours 
and flushing with argon, there is still deuterium present in the vacuum chamber either on the 
walls or absorbed on the target which is responsible for deuterium uptake in the films. As a 
consequence, we conclude that the hydrogen we found in our films is introduced from the 
background o f  the vacuum chamber.
Table II T h e  h y d ro g e n  a n d  d e u te r iu m  c o n te n t  in  th e  f i lm s , w h ic h  a re  e i th e r  d e p o s i te d  o r  v e n te d  w i th  D 2O .
f i r s t  s e r ie s : Y h x 1 0 15 a t /c m 2 Y d x 1 0 15 a t / c m 2
S i3N 4 63 _
4 0 0 , 0 % 1 02 .5 _
4 0 0 , 5 % 8 7 .3 6 1 .8
4 0 0 , D 2O 9 8 .1 123 .3
2 n d  se r ie s :
4 0 0 , 5 % 2 0 5 .2 4 .6
4 0 0 , 0 % 7 5 .3 3 3 .5
Further, the H (and D) ERD-profiles (fig. 5.9 and 5.10) exhibit a maximum o f hydrogen 
(and deuterium) at the middle o f the films. By measuring the samples at different values for 
a  and 1 , it was made sure that this extra yield is indeed due to hydrogen (and deuterium) and 
not to an overlap o f carbon in the conventional ERD-spectrum. We have no explanation for 
the presence o f this extra amount o f hydrogen at a certain depth. It indicates a depth dependent 
composition, which we also found considering the thickness dependence o f the Ca/P-ratio 
o f  chapter 4 (fig. 4.11).
Figure 5.11 shows the H and D spectral regions o f two films deposited in pure argon 
conditions. These samples were deposited in the same deposition run but at different places 
on the substrate holder. The ERD-profiles o f these films show that the samples are o f different 
thickness, but the total amount o f hydrogen or deuterium is the same for both films. The local
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Figure 5.11 Hydrogen and deuterium depth profiles of two samples deposited at the same time, measured 
with conventional ERD (12 MeV Si, a= 25°, (J) =35°)
concentration of deuterium and hydrogen in the thinner film is therefore larger than in the thicker 
film. Therefore, we suppose that the absorption o f hydrogen is related to the total deposition 
time rather than to the thickness o f the film. The introduction o f hydrogen in the films is due 
to a process, which differs from the process o f calcium and phosphorus deposition.
5.4.4 Annealing
The films deposited at 400 W were also analyzed after they were annealed. Figure 5.5 shows 
that the Ca/P-ratio o f the film does not change significantly during annealing at 500 °C (see 
also section 3.3.2). The O/P-ratio drops from about 5.5 to a value between 4.2 and 4.5, which 
is close to the O/P-ratio o f 4.33 o f stoichiometric hydroxyapatite. This is also in agreement 
with the suggestion o f the preferential bonding o f phosphorus in the film as PO4 [13].
After annealing, independent o f the initially hydrogen content, the hydrogen yield was 
dropped down to 20x1015 at/cm2 for all films. Even for the film deposited with additional water 
vapour, where the amount o f hydrogen in the film is almost three times the amount o f H in 
the other as deposited films, the hydrogen yield decreased to 20x1015 at/cm2 as a result o f  the 
annealing process. The H/P-ratio drops to about 0.3 after annealing (see fig. 5.7), which is 
also very close to the stoichiometric H/P-ratio o f 0.33 in stoichiometric hydroxyapatite. On 
basis of the FTIR measurements (see chapter 3 and 4), where an OH-peak appeared after annealing, 
the amount o f hydrogen left in the film after annealing can be ascribed to the OH-group present 
in hydroxyapatite. Considering the amount o f  oxygen loss (fig. 5.6) and hydrogen loss after 
annealing we assume that during the heat treatment hydrogen leaves the film as H2O.
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5.4.5 PIXE-measurements
Since the sputtering was performed with argon as working gas, an important question is whether 
argon is incorporated in the films during the deposition process. Since argon and calcium have 
almost the same mass (39.95 and 40.08 respectively), and could not be discriminated by RBS, 
another question arises: whether the high Ca/P-ratio we found in our films was due to argon 
present in the film, and should therefore be seen as a (Ca+Ar)/P-ratio. Therefore, some additional 
measurements were performed with proton-induced X-ray emission (PIXE). Three different 
samples, with a high Ca/P-ratio (± 2.0) were measured. For two samples the argon content 
was below the detection limit o f  the PIXE experiment. The films were too thin, and the argon 
peak drowned in the titanium peak o f the substrate. The other sample revealed that the argon 
content in the film was less than 1.3 at%, when compared to the height o f  the P and Ca-peak.
5.4.6 AFM-measurements
Figure 5.12 shows AFM pictures o f 4 films deposited at 400 W, with 0, 5 and 10% additional 
oxygen and additional water vapour inlet. It is difficult to obtain measurements which are not 
distorted by the finite radius o f the tip [14]. However, figure 5.12 shows very good pictures 
o f the sample surface. The films appears to show nanoporosity and are built up o f different 
flat island like structures. Wuhrer et al.[15] found the same sort o f structures by sputter deposition 
o f Ti-Al-N. Although no statistical data were obtained, clear differences were found between 
the different films. Films deposited without additional oxygen pressure showed small flat island 
structures o f 50 nm. The flat structures found at the surface o f the films deposited with 5 or 
10 % partial oxygen pressure were larger: the size o f the structures varied between 80 and 100 
nm. Films deposited with additional water vapour showed island structures o f  various sizes. 
It seemed as i f  structures o f 20 - 40 nm were positioned in between structures o f about 65 nm.
5.5 SUM M ARY and  CO N CLU SIO N S
We have found that the Ca/P-ratio decreases with increasing oxygen pressure or decreasing 
sputtering power. Besides, the Ca/P-ratio increases when a bias is applied to the substrates. 
This confirmed the measurements o f the previous chapters. The O/P-ratio o f the films decreased 
with applying additional oxygen pressure, but increased when additional water vapour was 
applied during deposition. The O/P-ratio o f the as deposited films never became lower than 
4.8, whereas the stoichiometric value is 4.33. All as deposited films showed a higher hydrogen 
content than stoichiometric HA. The hydrogen content in the films deposited with water vapour 
was even more than 7 times higher than the films in pure argon conditions.
After annealing, the hydrogen content decreased to about 3.5 at%, whereas in stoichiometric
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Figure 5.12 AFM-plots, 1x1 pm, of films deposited at 400 W, with 0% oxygen, 5% oxygen, 10% oxygen, 
and water vapour
HA the hydrogen content amounts to 4.5 at%. The amount o f hydrogen after annealing appears 
to be independent o f the amount o f hydrogen present in the as deposited films and thus independent 
o f the partial oxygen or water vapour pressure. After annealing also the oxygen yield in the 
film decreased. We assume that hydrogen disappears as H2O out o f the film during annealing.
We have shown that the main amount o f hydrogen is incorporated during the deposition 
o f  the films. We conclude that our sputter deposition system exhibits a memory effect with 
respect to D2O and thus also with respect to H2O. Furthermore, we have shown that absorption 
o f  hydrogen is related to the total deposition time rather than to the thickness o f  the film.
PIXE-measurements showed that the argon content in our films was lower than 1.3 at%. 
AFM measurements revealed that the films showed nanoporosity and were build up o f different 
flat island-like structures. Films deposited with 5 or 10 % additional oxygen pressure showed 
larger island structures than films deposited in pure argon conditions. Films deposited with 
additional water vapour showed flat island structures o f  various sizes.
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CHAPTER 6
MEASUREMENTS OF INTERFACE STRENGTH WITH LASER 
SPALLATION
6.1 IN TR O D U C T IO N
As demonstrated in various publications, plasma sprayed Ca-PO coated implants show a favourable 
bone response compared with non-coated titanium implants. Despite this biological advantage, 
plasma sprayed Ca-PO coatings also show several disadvantages, regarding the poor adherence 
o f the coating to the underlying titanium substrate, the required thickness to obtain complete 
coverage o f the implant surface, and the non uniformity in thickness o f the deposited coatings. 
Therefore, studies o f other techniques to apply thinner and more adherent coatings have been 
started, such as ion beam sputtering [4,5], laser ablation [6], and r f  magnetron sputtering [7].
In our laboratory we investigate the characteristics and biocompatibility o f r f  magnetron 
sputtered Ca-PO-coatings on titanium [8-11]. We have already shown that we can adjust the 
Ca/P-ratio o f the coating by changing deposition parameters such as argon pressure [12] or 
partial oxygen pressure [13]. Furthermore we have shown that different Ca/P-ratios influence 
the biological behaviour in vitro (see also chapter 7) [14]. On the other hand, for the application 
o f these coatings possible failure processes during implantation [15] must be understood. And 
it is important to know how the interface strength o f the coating is influenced by the different 
deposition parameters.
For sputter deposited coatings, values for the interface strength between 100 M Pa and 
30 GPa have been reported [16-18]. Consequently, scotch tape tests or tensile bond strength 
tests are inappropriate for our sputter deposited Ca-PO films, since the maximal load for both 
m ethods is between 40-53 M Pa [7]. Other well used techniques to measure the strength o f 
coatings are indentation hardness- and scratch-tests. In these methods the critical load is taken 
as a measure for the adhesion o f the film. However, the problem is that for hard coatings on 
soft substrates, like ceramics on Ti-alloy, the results are dependent on the tip radius to layer 
thickness ratio [19]. Recently, Gupta et al. [20] reported about a new technique to measure 
directly the interface strength o f thin coatings. This, so called laser spallation technique, utilizes 
a laser to produce a compressive stress pulse through the substrate/coating. Reflected from 
the coating's free surface this stress pulse will pull the interface in tension and leads to its failure.
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The objective o f  our study was to determine whether the interface strength o f  thin r f  
magnetron sputtered Ca-PO-coatings could be measured by this laser spallation technique. 
Further we also investigated the influence o f different deposition parameters on the final interface 
strength.
6.2 M ETH O D S and  M A TER IA LS
6.2.1 Laser Spallation technique
The experimental approach utilizes a planar arrangement o f a substrate and coating combination, 
as shown in figure 6.1. A collimated laser pulse (with a energy varying from 78,5 mJ to 0.868 
J) is made to impinge on a 0.3 ^m  thick metal film (0.224 ^m  Al and 70 nm Cr), that is sandwiched 
between the back surface o f the substrate and a 5 ^m  thick layer o f solid water glass. This water 
glass is transparent to the laser wavelength (Nd:YAG laser operated at 1,06 ^m). As is discussed 
by Gupta et al. [21], the use o f solid water glass is to produce a sub-nanosecond rise-time stress 
pulse with no tail. The function o f  the aluminium and chromium film is to absorb the laser 
pulse. Absorption o f the laser energy in the confined Al-Cr, results in a sudden expansion o f 
the film. This expansion, due to the axial constraints o f  the assembly, leads to the generation 
o f a compressive shock wave directed towards the test coating/substrate interface. A part o f 
the compressive shock wave is transmitted into the coating as the compression pulse strikes 
the interface. It is the reflection, from the free surface o f the coating, o f  this compressive pulse 
into a tension pulse that leads to the removal o f  the coating, given a sufficiently high pulse 
amplitude.
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When the stress pulse is reflected from the surface of the coating or the substrate, the 
free surface experiences a transient velocity which is proportional to the transient profile of 
the striking stress pulse (figure 6.2). The displacement history of the free coating surface is 
recorded by a Doppler displacement interferometer (fig. 6.1). Since the ratio of the diameter 
of the illuminated laser spot (3 mm) to the thickness of the substrate (1 mm) is 3, the stress 
pulse can be described by a one-dimensional wave equation [22],
A+2U: d2U: d2U:
(----- ) ^ i =^ 2  (6!)P dx2 dt2
where ui is the displacement component in the x direction, X and ^ are the two Lamé elastic 
constants and p is the density of the film. When we use c2=(X+2^)/p, where c is the longitudinal 
wave velocity, the stress in the x direction can be expressed in terms of the displacements gradients,
2 0uio j(x,t) =pc2—  (6.2)
ox
At the free surface of the film, the one-dimensional wave propagation normal to the free surface 
satisfies the boundary conditions,
o(x=0,t)=0 (6.3)
and
(6.4)
where V0(t) is the measured velocity of the coating free surface.
Combining equations 6.1 to 6.4 gives the equation for the interface stress history,
o(x=h,t)=V2pd(v VQ(t+h )~ VQ(t- h)) (6.5)
c c
and using a Taylor polynomial,
d V0(t)
o ^ h s y p h ——  (6.6)
dt
where h is the thickness of the coating (error after using Taylor: ~ (h/c)3).
Figure 6.3a shows the signal measured by photodiode. The photodiode output voltage 
S(t) is related to the displacement of the coating surface as
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S(t)=A+Bsin(4% u(t)/X0+1Q) (6.7)
where A and B are constants, A0 is the wavelength (632.8 nm) of the He-Ne laser of the 
interferometer and 1 0 is the phase-shift. Once u(t) is determined by fitting the fringes (figure 
6.3b), the free surface velocity is obtained by differentiating displacement u(t) with respect 
to time. Using equation 5, the interface stress history is obtained (figure 6.3c).
In pilot experiments we saw that our Ca-PO-coating did not spall of at the maximal 
gained stress pulse of 265 MPa. The tensile stress pulse obtained at the interface of our 3 ^m 
thick Ca-PO-coating was not sufficiently high to cause spalling of the coating. Since the value 
of the produced tensile stress is dependent of the thickness and density of the films, we applied 
an additional layer of Ti on top of our Ca-PO-coating (figure 6.4). This additional Ti-layer 
was chosen thick enough to provide the necessarily high stress-pulse at the Ca-PO-substrate
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interface, and thin enough so that the shear stresses at the film-substrate interface induced by 
the Ti-coating [25] did not exceed the adhesion strength of the Ca-PO-coating to the substrate. 
Consequently, in the calculation of the final gained stress at the interface we also have to consider 
the boundary conditions at the interface of the Ca-PO-coating and the Ti-top layer. Using a 
general solution for the velocity of the wave equation in the top-layer v(x,t) and in the second 
layer v1(x^ ,t):
c c
v1(x,t)=m(t+— )+n(t-— )
we get the following set of equations, using the measured velocity profile at the free surface
free surface, x=0,
Vo(0=f(0+g(0
0=Pcf(t)-g(t)]
top coating-second coating boundary, x=h,
) +gCt-h  )=m(t+-h-) +n(t--h )
c c c1 c1
pc[f(t+- ) - g( t - - ) ] =pici[m(t+ A ) - n( t -A )] (6 9)
c c c1 c1 v ' '
and using the Taylor polynomial again, we get the following equation for the interface stress 
history at the Ca-PO/substrate interface (x=L) (error: ~ (h/c + (L-h)/c1)3),
dVn(t)
o(x=L,t)=((L~h) P1 +h')— (6.10)
ot
where (L-h) and p1 are respectively the thickness and density of the Ca-PO-coating and h and
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p the thickness and density of the additional Ti-top-layer.
6.2.2 Sample preparation
As substrate material, 1 mm thick Ti6Al4V discs with a diameter of 12 mm were used. The 
substrates were ground to 4000 grit and polished with diamond paste (% ^m). After polishing, 
the samples were ultrasonically cleaned in acetone and dried in boiling ethanol. The base pressure 
before each sputter deposition run was < 7.0x10-7 mbar. Prior to deposition the substrates were 
again sputter-cleaned with Argon-ions for 10 minutes, at an input power of360 W and a pressure 
of 5.2x10-3 mbar. For all samples argon was used as the process gas. To investigate the influence 
of different deposition parameters, samples of ~2.5-3.0 ^m thickness, were prepared at:
(1) 400 W on (a) a rotating substrate holder, and (b) on a stationary substrate holder. 
In both conditions a total pressure of 1.5x10-2 mbar, and a partial oxygen pressure of 0, 1, 5 
and 10% was used,
(2) 200 W on a stationary substrateholder (a) with a total pressure of 3.0x10-3 mbar and
0, and 5% partial oxygen pressure, (b) with a total pressure of1.5x10-2 mbar and 0, and 5% 
partial oxygen pressure, and (c) with a total pressure of 1.5x10-2 mbar and 0, and 5% partial 
oxygen pressure and with an extra negative voltage (bias) applied to the substrate holder of 
5 W.
Table I Used deposition parameters and the Ca/P-ratio of t ie deposited films
Power Ptot (mbar) Partial O2 ► 0% 1% 5% 10%
T T pressure
Ca/P-ratio
400 W 1.5x10-2 2.0 1.85 1.75 1.78
200 W 3.0x10-3 1.75 1.68
200 W 1.5x10-2 1.8 1.72
200 W. 5 W bias 1.5x10-2 2.4 2.1
Table I shows the Ca/P-ratio of the coatings deposited at different deposition parameters, 
determined by Rutherford Backscattering Spectrometry (RBS) [23].
To prepare the samples for the laser spallation measurements a 0.224 ^m thin Al and 
70 nm Cr layer was deposited on the backside of the Ti6Al4V substrate. The solid water glass 
layer was obtained by applying a thin layer of water glass (H2SiO3:(H2O) ) to the laser absorbing 
Cr-Al film; after several minutes' exposure to the air, water evaporates from the water glass
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Figure 6.5 T
est sample used to measure spallation at different laser fluences. A) Ti-top-coating, B) Ca-PO- 
coating, C) places where the Ca-PO is spalled from the Ti-substrate
leaving behind a layer of SiO2 film. On top of the Ca-PO-layer a 6 ^m thick layer of Ti was 
deposited by rf sputter deposition (300 W, Vdc=-400V). To determine the amplitude of the 
interface tensile stress at the threshold laser fluence which led to the interface failure, the samples 
were spalled at a laser fluence between 78,5 mJ and 0.868 J. After spalling the samples were 
examined by Scanning Electron Microscopy (SEM) and by Energy Dispersive Spectroscopy 
(EDS) to determine whether the coating was spalled at the interface of Ca-PO-layer and Ti6Al4V- 
substrate.
6.3 RESULTS
Figure 6.5 shows a sample with a Ti-top layer, which we used to determine whether we could 
spall the Ca-PO interface and at what laser fluence. This sample shows different spallation 
spots. Some show a lot of Ca-PO spalled from the substrate. Others show only small spots of 
Ca-PO detached from the substrate, or no Ca-PO-coating failure at all. The amount of spallation 
depends on the used laser fluence and the obtained stress-pulse. The smallest removal of the 
Ca-PO-coating from the substrate was dedicated as failure, and therefore at such a spot the 
interface strength of the coating was determined.
Figure 6.6 shows SEM-pictures of spallation spots on samples deposited at 200 W, 5%
O2, 5 W bias and 400 W, 0% O2, (rotating substrate holder). Both samples show a circular removal 
of the coating. Figure 6.7 shows an enlargement of a spallation spot of a film deposited at 400
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Figure 6.6 SEM-pictures of spallation spots of sample deposited at a) 200 W, 5% O2, 5 W bias and b) 400 
W, 0% O2, (rotating substrate holder)
W, 5% oxygen. On this spot EDAX measurements was performed at three places. The EDAX 
measurements in the spallation spot show places where a thin layer of Ca-PO is left behind 
and places were the coating is completely removed and only Ti- and Al-peaks of the substrate 
are present.
Figure 6.7 Spallation spot of a 400 W, 5% O2 sample, together with EDAX measurements form the coating 
and within the spalled spot
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Figure 6.8 (upper) Photodiode voltage signal 
of a 200 W, Ptot=1.5x10"2 mbar, 0% O2 sample.
Figure 6.9 Interface strength versus partial oxygen pressure, 
for films deposited at (")400 W 1.5x102 mbar rotating substrate 
The dashed lines show the computer simulation holder, (D)400 W 1.5x10-2 mbar indexed substrate holder, 
and (bottem) stress pulse profile of the Ca-PO- (♦) 200 W, 3.0x10-3 mbar, (v) 200 W, 1.5x10-2 mbar, and 
coating / Ti6Al4V interface (0) 200 W, 1.5x10-2 mbar and 5 W bias
Figure 6.8 shows the photo-diode signal of a stress pulse which leads to the removal 
of a 200 W, Ptot=1.5x10-2 mbar, 0% O2 sample. The dashed line is the computer simulation 
and graph at the bottom the obtained stress-pulse profile.
In figure 6.9 the measured interface strength for the different samples is plotted as a 
function of the oxygen pressure. The interface strength of the deposited coatings ranges between 
500 and 900 MPa. The interface strength of the films deposited at 200 W, 1.5x10-2 mbar and 
5 W bias was higher than the other films deposited at 200 W and Ptot= 1.5x10'2 mbar. No relation 
between partial oxygen pressure or Ca/P-ratio and interface strength was found. Furthermore, 
samples deposited at 400 W at a rotating substrate holder seemed to have a lower interface 
strength than samples deposited on a stationary substrate holder.
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6.4 DISCUSSION and CONCLUSIONS
First of all we have shown that, after adjusting the samples with an additional Ti-layer on top 
of the coating, the interface strength of thin sputter deposited Ca-PO-coatings can be measured 
by means of laser spallation. The interface strength of the coatings varied between 500 and 
900 MPa. This is well within the expected values for sputter deposited films. Further these 
values are, as expected, much higher than the interface strength of plasma sprayed coatings, 
which is in the order of 6-40 MPa, measured by tensile bond tests [24] or short-bar technique 
[15].
The presence of a very thin layer in a part of some spallation spots suggests, that the 
first few layers deposited on the titanium substrate, consist of a different structure than the 
"bulk" of the coating. This hypothesis is supported by the results from earlier studies, where 
we found a change in Ca and P composition for the first 100 nm of the deposited layer [13]. 
Further, we suggest that the high adhesion strength is due to an atomic bonding between 
phosphorus or calcium of the coating and the titanium of the substrate.
From this study no relation between composition and the interface strength ofthe deposited 
coatings can be derived. Nor an influence between partial oxygen pressure or used discharge 
power and interface strength was found. We observed a lower interface strength for the substrates 
deposited on a rotating substrate holder. Chopra et al. found that the position of the substrates 
relative to the sputter target is of considerable influence on the adhesion of glow discharge- 
sputtered films [25]. With a stationary substrate holder this position is fixed, while with a rotating 
substrate holder the position of the substrate relative to the target changes continual during 
deposition. Therefore difference in adhesion strength between rotary or stationary deposited 
samples is not a surprise.
Further, we found a higher adhesion strength for samples deposited with 5 W bias. The 
adhesion and mechanical strength of sputtered films is also dependent on the kinetic energy 
of the sputtered atoms [26] or the re-sputtering of loosely bonded atoms out of the growing 
layer during sputtering [27]. Since applying a negative bias both increases the kinetic energy 
at the substrate surface, and resputters more species out of the growing films, this can explain 
the higher interface strength for films deposited with 5 W bias. However, we found no difference 
for films deposited at 200 or 400 W, while at 400 W the energy of all kind of particles arriving 
or colliding at the substrate is higher than at 200 W. But, since the condensation of energetic 
atoms can modify the substrate surface in a number of ways: (1) by removing adsorbed gases 
and impurities, (2) by sputtering of the substrate, (3) by limited penetration into the substrate, 
and finally (4) by the creation of point defects on the substrate surface, it is difficult to obtain 
a complete understanding of the individual contributions to the adhesion of the films [25].
From this study we obtained the adhesion strength of our as deposited Ca-PO coatings
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to the titanium substrate, using different process parameters. This is an important characterization 
parameter for the coating, especially for implant handling during implantation. Still, we have 
to emphasize that the obtained knowledge is not the only condition for proper implant functioning. 
For example, Kangasniemi [28] showed that for plasma sprayed coatings, the adhesion strength 
significantly decreases after implantation. Therefore, more information is required before definite 
statements can be made about the final benefice of rf magnetron sputter deposition for the adhesion 
strength of Ca-PO coatings.
REFERENCES
1 Y. T suboi, A.M. Ektessabi, L. Sennerby, T. Albrektsson, T. Otsuka, T. Iizuka, C. Johansson, and A. Wennerberg, 
"In vivo measurement of titanium release by PIXE", Nucl. Instr. andMeth. Phys. Res. B, (1995)
2 A.M. Ektessabi, T. Otsuka, Y. Tsuboi, Y. Horino, Y. Mokuno, K. Fujii, T. Albrektsson, L. Sennerby, and 
C. Johansson, "Preliminary experimental results on mapping of the elemental distribution of the organic 
tissues surrounding titanium-alloy implants", Nucl. Instr. and Meth. Phys. Res. B, (1996)
3 K de Groot,"Degradable ceramics," CRC Biocompatibility ofclinical implant materials, Vol.1, 199-222, 
CRC Press, Boca Raton, Florida (1981)
4 J.L. Ong, L.A. Harris, L.C. Lucas, W.R. Lacefield, and D. Rigney, "Structure, solubility and bond 
strength of thin calcium phosphate coatings produced by ion -beam sputter deposition", Biomaterials,
13, 249-254 (1992)
5 A.M. Ektessabi, "Ion beam processing of bio-ceramics", Nucl. Instr. and Meth. Phys. Res. B, 99, 610-613
(1995)
6 C.M. Cotell, "Pulsed laser deposition and processing of biocompatible hydroxylapatite thin films", Appl. 
Surf. Sci, 69, 140-148 (1993)
7 J.A. Jansen, J.C.G. Wolke, S. Swann, J.P.C.M. van der Waerden, and K. de Groot,"Application of magnetron 
sputtering for producing ceramic coatings on implant materials", Clin. Oral. Impl. Res., 4, 28-34, (1993)
8 J.G.C. Wolke, K. van Dijk, H.G. Schaeken, K. de Groot, and J.A. Jansen."A Study of the surface characteristics 
of magnetron sputter calcium phosphate coatings", J. Biom. Mat. Res., 26, 1477-1484 (1994)
9 K. van Dijk, H.G. Schaeken, J.G.C. Wolke, C.H.M. Marée, F.H.P.M. Habraken, J. Verhoeven, and J.A. Jansen, 
"Influence of Discharge Power Level on the Properties of Hydroxyapatite-films deposited on Ti6Al4V with 
RF Magnetron Sputtering", J. Biom. Mat. Res., 29, 269-276 (1995)
10 K. van Dijk, H.G. Schaeken, J.G.C. Wolke, and J.A. Jansen, "Influence of annealing temperature on RF 
magnetron sputtered calcium phosphate coatings", Biomaterials, 17, 405-410 (1996)
11 J.E.G. Hulshoff, K. van Dijk, J.P.C.M. van der Waerden, J.G.C. Wolke, L.A. Ginsel, and J.A. Jansen, " Biological 
evaluation of the effect of magnetron sputtered Ca/P coatings on bone behaviour in vitro", J. Biom. Mat. 
Res., 29, 967-975 (1995)
12 K. van Dijk, H.G. Schaeken, C.H.M. Marée, J. Verhoeven, J.G.C. Wolke, F.H.P.M. Habraken, and J.A. Jansen, 
"Influence ofAr pressure on rfmagnetron sputtered Ca5(PO4)3OH layers", Surface and Coatings Technology, 
76-77, 206-210 (1995)
13 K. van Dijk, J. Verhoeven, C.H.M. Marée, F.H.P.M. Habraken, and J.A. Jansen, "Study of the influence 
of oxygen on the composition of thin films obtained by RF sputtering from a Ca5(PO4)3OH target", Thin 
Solid Films, in press (1997)
14 J.E.G. Hulshoff, K. van Dijk, J.E. de Ruijter, F.J.R. Rietveld, L.A. Ginsel, and J.A. Jansen, "Interfacial 
phenomena: an in vitro study to the effect of calcium phosphate (Ca-P) ceramic on bone formation", J. Biomed. 
Mat. Res., submitted (1996)
15 M.J. Filiaggi, and R.M. Pilliar, "Mechanical testing of plasma-sprayed ceramic coatings on metal substrates: 
interfacial fracture toughness and tensile bond strength", J. Material Science, 26, 5383-5395 (1991)
16
17
18
19
20
21
22
23
24
25
26
27
28
RF magnetron sputter deposition and characterization o f Ca5(PO)3OH-coatings
W. Herr, B. Matthes, E. Broszeit, M. Meyer, and R. Suchentrunk, "Influence of substrate material and deposition 
parameters on the structure, residual stress, hardness and adhesion of sputtered CrxNy hard coatings", Surface 
and Coatings Technology, 60, 428-433 (1993)
M.K. Puchert, P.Y. Timbrell, and R.N. Lamb, "Thickness-dependent stress in sputtered carbon films", J. 
Vac. Sci. Technol. A, 12(3), 727-732 (1994)
V. Gupta and J. Yuan,"Measurement of interface strength by the modified laser spallation technique. II. 
Applications to metal/ceramic interfaces", J. Appl. Phys, 74(4), 2397-2404 (1993)
C-J Lu, and D.B. Bogy,"The effect of tip radius on nano-indentation hardness tests", Int. J. Solids Structure, 
32(12), 1795-1770 (1995)
J. Yuan, and V. Gupta, "Measurement of interface strength by the modified laser spallation technique. I. 
Experiment and simulation of the spallation process", J. Appl. Phys., 74(4), 2388-2396 (1993)
V. Gupta, J. Yuan, and A. Pronin, "Recent developments in the laser spallation technique to measure the 
interface strength and its relationship to interface toughness with applications to metal/ceramic, ceramic/ceramic 
and ceramic/polymer interfaces", J. Adhesion Sci. Technol., 8(6), 713-747 (1994)
A. Pronin, "Applications of laser generated stress pulses for materials characterization", Thayer School of 
Engineering, Dartmouth College, USA, thesis (1996)
W.K. Chu, J.W. Mayer, and M.-A. Nicolet, "Backscattering Spectrometry", Academic Press, NY (1978) 
K.T. Scott, in "Ceramic Surfaces and Surface Treatments", British Ceramic Society, Shelton, p.195, 1984 
K.L. Chopra, Thin Film Phenomena, Ch. V, "Mechanical effects in thin films", McGraw-Hill, New York 
K.L. Chopra, LedgemontLab. Rep., June 1968
B.N. Chapman, J. Vac. Sci. Technol., 11, 109 (1974)
I.M.O. Kangasniemi, C.C.P.M. Verheyen, E.A. van der Velde, and K. de Groot, "In vivo tensile testing of 
flourapatite and hydroxylapatite plasma-sprayed coatings", J. Biomed. Mat. Res., 28, 563-572 (1994)
CHAPTER 7
AN IN VITRO STUDY TO THE EFFECT OF SPUTTERED CALCIUM 
PHOSPHATE COATINGS ON DISSOLUTION AND BONE 
FORMATION
7.1 INTRODUCTION
The successful integration of medical implants into the body can be envisioned as a race against 
time among the processes of wound healing, fibrosis and microbial invasion. The stake in this 
contest is the realisation of a harmonious interface between the implanted material and the 
surrounding tissues as characterized by the development of natural tissue structures [1]. For 
example, biomaterials serving as permanent replacement of diseased or traumatized bone and 
teeth, require an interface that is contiguous with the surrounding bone and participates in the 
naturally occurring bone remodelling process. As is evident from previous research [2], surface 
properties of biomaterials play an important role in the final implant-tissue response. In this 
light, a lot ofresearch of the influence of calcium phosphate (Ca-PO) ceramics on bone interfacial 
processes has been performed. Despite a frequently noticed increase of bone apposition [3,4], 
the available information about how Ca-PO materials trigger bone formation is at best rudimentary. 
We can only speculate about the mechanisms underlying the improved sensitivity of osteogenic 
cells to these materials. One explanation is that Ca-PO ceramic is bioactive due to its binding 
of serum proteins and growth factors [5,6,7,8]. It has also been suggested that Ca-PO ceramics 
are the same minerals as found in bone. The chemical composition of Ca-PO material is considered 
to play an important role in cellular production as well as maturation of extracellular matrix 
(ECM). It is assumed that Ca2+-ions dissolve from the Ca-PO surface, causing an interfacial 
supersaturated condition with the already present Ca2+-ions, which results into the deposition 
of an afibrillar mineralized layer consisting of several Ca-PO mineral phases [9,10]. This stimulates 
the bone cells to continue ECM (bonding zone) synthesis and calcification [11,12]. This ECM, 
as secreted by the cells, evolves by the fusion of individual calcium phosphate containing globular 
accretions (matrix vesicles) of about 100 nm diameter produced at the distal ends of the osteoblasts 
attaching to the underlying substratum. It is supposed that the presence of Ca-PO ceramic has 
a direct influence on cellular production of matrix vesicles as well as on matrix formation.
To get more insight on the influence of calciumphosphate on bone-cell behaviour we
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do cell culture studies in our laboratory with osteoblast-like cells on Ca-PO ceramics. For this 
purpose, titanium discs are covered with different thin Ca-PO films by rf magnetron sputter 
deposition. As seen throughout this thesis, this coating technique allows the preparation of 
Ca-PO ceramics with different compositions (hydroxyapatite, tricalciumphosphate and 
tetracalcium-phosphate), Ca-PO ratio’s (from 1.67 to 2.6), structure (crystalline and amorphous) 
and thicknesses (from 100 nm to 10 ^m), while maintaining the surface topography of the 
underlying substrate surface [13,14]. In a first set of experiments [15], we demonstrated that 
magnetron sputtered Ca-PO coating can indeed induce apatite deposition and stimulate the 
formation of mineralized ECM.
The aim of this study was to examine the influence of Ca/P-ratio on osteoblast reaction 
by in vitro experiments. Using various analytical techniques, information was obtained about: 
(1) the morphology of the cells and their cell-substrate interface, and (2) the structure and 
composition of the deposited ECM and underlying Ca-PO layer.
7.2 MATERIALS and METHODS
7.2.1 Calcium phosphate coatings
Round discs (diameter 12 mm, thickness 1 mm) of commercially pure titanium (cpTi) were 
prepared and hand finished (320 grit). They were ultrasonically cleaned in acetone for 15 minutes, 
and placed in 100% boiling ethyl alcohol. Thereafter, the cpTi discs were either left untreated 
(cpTi) or provided with three different 2.5 ^m thick Ca-PO coatings. The coatings were prepared, 
as already described earlier [16], applying the following sputter conditions:
- 400 Watt, Ptot=1.5*10-2 mbar, Ar + 0% O2 (400, 0% O2)
- 400 Watt, Ptot=1.5*10-2 mbar, Ar + 1% O2 (400, 1% O2)
- 400 Watt, Ptot=1.5*10-2 mbar, Ar + H2O (400, H2O)
Before deposition the Ti substrates were sputter-etched for 10 minutes.
All as deposited coatings were characterized by X-ray diffraction (XRD), Fourier transform 
infrared spectrometry (FTIR), and Rutherford backscattering spectrometry (RBS) [16]. Before 
use in the cell culture experiments, the discs were autoclaved for 30 minutes at 120°C.
7.2.2 Cell isolation and culture
For the biological evaluation of the test materials a rat bone marrow (RBM) cell culture technique 
was used as described by Maniatopoulos [17]. Briefly, bone marrow cells were obtained from 
femora of male Wistar rats. Epiphyses were cut off, and both diaphyses were flushed out, using 
a-MEM (Gibco BRL, Life Technologies B.V., Breda, The Netherlands) supplemented with 
15% foetal calf serum (FCS, heat induced at 56 °C for 35 min, Gibco), 50 ^g/mL freshly prepared 
ascorbic acid (Sigma, Chemical Co., St. Louis, MO., USA), 10 mM Na P-glycerophosphate
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(Sigma), 10-8M dexamethasone (Sigma) and antibiotics (gentamicin and fungizone). Per femur 
15 ml of this medium was used, cells were suspended and cultured at three 80 cm2 tissue culture 
flasks (Nunc Products by Gibco). Finally, cultures were incubated in a humidified atmosphere 
of 95% air, 5% CO2 at 37 °C. After 5-7 days of primary culture, cells were detached using 
trypsin/EDTA (0.25% w/v trypsin/ 0.02% EDTA, ethylenediaminetetraacetic acid ) and the 
cells were suspended in the supplemented culture medium as described above.
7.2.3 Proliferation assay
Cell suspension (4x104 cells/well) was added to the four different substrates (cpTi, 400, 0%, 
400, O2 and 400, H2O), which were positioned at the bottom of 24 well-plates (Greiner B.V., 
Alphen a/d Rijn, The Netherlands). The cultures were incubated at 37 °C in 5% CO2-air 
atmosphere. At incubation day 1, 3, 5 and 7, the culture medium was refreshed. After time 
instances 3, 5 and 8 days the cultures were washed using ISOTON II Azide Free balanced 
electrolyte solution (Coulter) to remove the non-attached cells. Then the substrates were taken 
out of the well and placed into a counting tube. Attached cells were removed with 1.0 ml of 
trypsin/EDTA for 7 minutes at 37 °C. ISOTON II solution was added and the cells were counted 
immediately using a Coulter Counter. After the counting procedure the presence of non-detached 
cells was controlled using a methyl blue staining method and incident light microscopy. Finally, 
cell proliferation rates were calculated.
Two runs of experiments were carried out. In each run all materials were present in 
quadruple. In addition, in each run Thermanox® cover slips (Nunc Products by Gibco) were 
included as reference material.
7.2.4 Tetracycline assay
In this experiment again the four different substrates and the Thermanox® reference material 
were tested. A fluorescent technique with tetracycline, as described by Todescan and Davies 
[18], was used to quantify the calcified extracellular matrix produced by the RBM cells. A 
few years after the introduction of tetracycline antibiotics, Milch et al.[19] discovered that these 
drugs are incorporated together with newly formed bone and are visible due to their yellow 
fluorescence. Starting from incubation day 3 tetracycline (9 ^g/ml) replaced the earlier mentioned 
antibiotics (Fungizone and Gentamicine) in the culture medium. After 16 days of incubation, 
the medium was removed, the cultures were rinsed twice in 70% ethanol, and finally dehydrated 
in 100% ethanol at 4°C for 6 hours. After a further dehydration in 100% ethanol, the cultures 
were allowed to dry in a dark room. After drying, a Biorad MRC 1000 confocal laser scanning 
microscope (CLSM) was used to visualize fluorescence. This CLSM was equipped with a 
krypton/argon mixed gas laser (Ion Laser Technology, Salt Lake City, UT, USA), which was
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mounted on a Nikon Diaphot microscope with non-cover glass (NCG) objectives (Nikon). 
The specimens were illuminated at an excitation wavelength of 488 nm. For each substrate, 
10 randomly chosen areas were imaged. The 10 areas covered in total 7.15 mm2.
Digital image analysis of the images was performed using an Acorn® computer provided 
with Technical Command Language image software (TNO, Rijswijk, NL). Mineralization 
was quantified by counting the excited pixels and expressed as surface area in mm2. Two runs 
of experiments were carried out. In each run, all materials were present.
7.2.5 Dissolution assay
During pilot experiments we found a difference in dissolution behaviour between the Ca-PO 
sample deposited with different parameters. However, no difference was found in the RBS-spectra 
between samples on which cells were cultured in complete culture medium, and samples which 
were cultured in culture medium without cells. Therefore, to investigate the possible influence 
of culture medium on the initial dissolution behaviour of the deposited Ca-PO coatings, samples 
were cultured in complete culture medium without cells.
For this experiment, coated discs were incubated for 3 and 5 days with fully supplemented 
culture medium without cells. A similar refreshment scheme of the medium was used as for 
the proliferation assay. After incubation, the samples were analysed with SEM, RBS, and FTIR.
7.2.6 Scanning electron microscopy
The influence of the substrate surface composition on ECM synthesis of RBM cells was studied 
using scanning electron microscopy (SEM). After 8 and 16 days of incubation, the non-attached 
cells on the various substrates (only uncoated and coated Ti-discs) were removed by rinsing 
twice with 0.1 M sodium-cacodylate buffer (pH 7.4, 37 °C). Subsequently, fixation was carried 
out for 60 minutes at 4 °C in 2% glutaraldehyde in the same buffer. After dehydration in a graded 
series of ethanol and drying by tetramethylsilane (Merck®, Germany), the specimens were sputter- 
coated with gold. These gold-coated specimens were then examined and photographed using 
a Jeol 6310 SEM at an accelerating voltage of 15 kV.
7.2.7 Transmission electron microscopy
RBM cell suspension was added to the substrates, as described before, and the cultures were
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Figure 7.1 Scanning micrograph of an as sputtered Figure 7.2 Diagram presenting RBM cell 
400, 0%O2 coating. Small surface pits (diameter < proliferation at 3, 5 and 8 days 
500 nm) are shown
incubated for 16 days. After the incubation period, the non-attached cells were removed by 
phosphate (PBS) buffer rinses. The attached cells were fixed with 2% glutaraldehyde, rinsed 
with PBS, then postfixed in 1% sodium-cacodylate buffered osmium tetroxide (OsO4). 
Subsequently, they were dehydrated through a series of alcohol and finally embedded in situ 
by covering with a layer of Spurr (Polysciences Inc., Warrington, Pennsylvania, USA) resin. 
This was allowed to polymerize. The Spurr complex, containing the cells was then separated 
from the underlying Ti-disc by partial immersion in liquid nitrogen. After contra-embedding 
of the specimens, ultrathin sections were cut on an ultra microtome (Reichert-Jung OMU-3) 
with a diamond knife (Drukker International, Cuijck, The Netherlands). These were contrasted 
with uranyl acetate and lead citrate. The sections were examined in a Jeol 1200 EX III transmission 
electron microscope (TEM).
In the TEM study, only the four experimental materials were used. No reference material 
was included, for technical reasons at preparing ultra thin sections.
7.3 RESULTS
7.3.1 Characterization of the Ca-PO coatings
SEM examination revealed that the 3 different sputter conditions resulted in an uniform surface 
coverage of the titanium substrates. Further, all coatings exposed the presence of very small 
surface pits (diameter < 500 nm) (figure 7.1). It has to be noted that the titanium substrate also 
showed this kind of pits.
XRD demonstrated that all coatings were amorphous, and RBS showed that the coatings 
had the following Ca/P-ratio's:
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ECM formation
Therm. cp Ti CaP400 CaP40002 CaP400H20
materials
Figure 7.3 Bar diagram showing the results of the Figure 7.4 CLSM picture ofthe tetracycline labelled 
ECM formation. Mineralized surface area in matrix
(mm2 x 10-3)
* 400, 0% O2 Ca/P=2.03+/- 0.04
* 400, 1% O2 Ca/P=1.77+/-0.02
* 400, H2O Ca/P=1.79+/-0.02
FTIR measurements showed for all coatings two clusters of P-O peaks from 900-1150 
and 550-600 cm-1. OH bonds were not detected, all coatings had a wide peak over the region 
from 2800 to 4000 cm-1 indicative for water absorption.
7.3.2 Cell proliferation
The proliferation data of the RBM cells on the different substrates are presented in figure 7.2.
Incident light inspection confirmed the complete removal of the cells from all surfaces 
after trypsinization. Statistical testing of the findings, using a two-way analysis of variance 
(ANOVA) and a multiple comparison test (Tukey), revealed that the proliferation rates were 
significantly higher for cpTi and Thermanox than for all rf magnetron sputter coated substrates 
(p<0.05).
7.3.3 Extracellular matrix production
Figure 7.3 shows the results of the tetracycline labelling experiments. Figure 7.4 demonstrates 
that adequate fluorescence was obtained with CLSM. Two-way analysis of variance (ANOVA) 
and a multiple comparison test (Tukey) revealed a significant difference in calcified mineralized 
matrix production between Ca-PO sputter-coated and non-coated specimens (P<0.05). Further,
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Figure 7.5 RBS diagram showing dissolution of Ca from the coated substrates after incubation 
in completed culture medium for 3 days
the differences found between the various Ca-PO coatings were also significant (P<0.05).
7.3.4 Coating dissolution
After 3 days of incubation some coating dissolution was observed by SEM. At this time point, 
no difference in surface morphology between 400, 0% O2 and 400, 1% O2 was found. In contrast, 
the surface appearance of the 400, H2O coating was more smooth. For all coatings the degradation 
was not increased after 5 days.
Figure 7.5 shows the RBS spectra of the tested coatings, surface channels for Ca, P and 
O are indicated. All coatings show signs of deterioration, characterized by the loss of calcium. 
The loss of calium is deeper for the 400, 0% O2, than for the 400, 1% O2 and 400, H2O.We 
have calculated the Ca/P-ratio at the surface of the coating, and with the density found for our 
sputter deposited coatings (chapter 4), we have estimated the dissolution depth of the calcium. 
Ca/P-ratio calculations indicate for:
1. 400, 0% O2-coatings a surface Ca/P-ratio of 1.32 ± 0.1. This Ca/P-ratio maintains constant 
over a region of363 nm. Then it increases over a region of332 nm to the original value 
of 2.03. Consequently, the total “dissolution” depth is about 700 nm.
2. 400, 1% O2-coatings a surface Ca/P-ratio of 0.78 ± 0.15. This ratio maintains constant 
over a region of 4 nm and increases then over 100 nm to the original bulk value of 1.77. 
Total “dissolution” depth is about 100 nm.
3. 400, H2O-coatings a surface Ca/P-ratio of 1.07 ± 0.15. This ratio is constant over 10 
nm and increases again over a region of125 nm to the original bulk value of 1.79. Total
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Figure 7.6 FTIR spectra of a 400, 0%02 coated substrate before and after 3 days in completed culture medium 
showing additonal amide peaks between 1425 and 1650 cm-1
“dissolution” depth is about 135 nm.
No difference was observed between 3 and 5 days of incubation.
In the FTIR spectra incubation in medium changed the appearance of the PO-bonds 
compared with the starting material. Further, all coatings revealed additional peaks between 
1425 and 1650 cm-1, suggestive for protein adsorption (figure 7.6). These "protein"-peaks were 
also present on the cpTi-substrates, when cultured with cells.
7.3.5 Cell morphology
SEM examination showed that all tested materials were covered with a multi layer of osteoblast­
like cells after 8 days of culture, similar as described before [15]. To examine the RBM cell- 
substrate interface more closely, a scratch was created through the cell layers using a sharp 
knife. This revealed that on all surfaces no formation of bone-like tissue was observed. In addition, 
no collagen fibres were identified (figure 7.7).
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Figure 7.7 Scanning micrographs showing a multilayer of RBM cells (open arrows) cultured for 8 days on;
A. cpTi
B. 400, 1%O2.
On both specimens, no signs of mineralization can be recognized. Further, the coating surface 
(arrow) shows only slight signs of detoriation
Close inspection of the coatings revealed that, at 8 days, substantial thickness of the 
sputtered films was maintained. Still, all coatings showed some signs of superficial degradation. 
The appearance of the surface damage was different for the three coatings. The 400, 0% O2
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surface
A
B
Figure 7.8 400, 1%02 (A) and 400, H20 (B) substrate after 8 days of cell culture. Signs of superficial degradation 
are visible as characterized by the presence of small and big surface pits (arrows)
looked very similar to the as deposited surface. In contrast, the 400, 1% 0 2 and 400, H20  surface 
showed an increase in small respectivelty big pit-like surface defects (figure 7.8).
At 16 days of culture, clear differences were observed between the non-coated and coated
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specimens. SEM showed that cells cultured on cpTi substrates had formed a thin layer of calcified 
globular accretions (figure 7.9). 0nly a very limited amount of collagen bundles associated
Figure 7.9 After 16 days of culture, on cpTi only a thin layer of calcified globular accretions is found (figure 
B shows a detail of A)
with this underlying cement-like structure could be distinguished. Ca-PO coated substrates 
supported the formation of mineralized globuli. Compared with cpTi-discs, the deposited layer 
was significantly thicker and was associated with a rich fibrous collagen matrix (figure 7.10). 
In between the collagen fibers abundant production of globular accretions was seen. Although
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all coatings were clearly degraded, there were differences in the amount of degradation. The
Figure 7.10 SEM pictures showing a 400, 0%02 and 400, H20  substrate after 16 days of incubation. 0n both 
surfaces, besides globular accretions, a rich fibrous collagen matrix is associated with the osteoblast 
like cells.
A. 400, 0%02 substrate: it can be seen that still a substantial part of the coatings is still 
present. Where the cell layer is lifted from the surface (arrows), three distinct layers 
can be observed, representing the thin coating layer, a thick ECM and a multilayer 
of cells.
B. 400, H20  substrate: an abundance of ECM with collagen fibres (arrows) can be observed
400, 1% 0 2 and 400, H2 0  layers had almost completely disappeared (figure 7.11). 0nly, locally
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Figure 7.11 Scanning electron micrographs of RBM cells cultured on 400, 1%02 for 16 days.
A. A multilayer of RBM cells with its produced ECM is shown. Just remnants of the coating are 
left
B. Represents a detail of this partially degradated coating
some remnants were maintained. 0 f  the 400, 0% 0 2 , a substantial part of the coating was still 
present (figure 7.10A). The small cracks, visible in the maintained coating parts, are a result 
of the SEM preparation process.
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Figure 7.12 TEM picture of RBM cels cultured for 16 days on a 400 1%02 surface:
A. 0verview, bar = 1.54 ^m.
B. Detail of growing crystals, bar = 400 nm.
C. Detail showing calcified body, bar = 650 nm.
M = mitochondria; R = areas of ribosomes; Ca = calcified body; G = collagen
TEM examination confirmed these SEM findings. At 16 days, multilayers of osteoblast-like 
cells were evident over all the substrate surfaces (figure 7.12A). The cells were elongated. No 
difference in cell spreading behaviour on titanium and Ca-P0 surfaces could be observed. 
Prominent structures within the cells were nucleus, mitochondria, ribosomes and rough 
endoplasmatic reticulum. In the cell layer, which was closest to the substrate surface, more 
endoplasmatic reticulum was seen than in the superficial cell layers. Inside the cells also numerous 
mineralized bodies were present. Further observation revealed that the plasma membrane was 
lined with coated and non-coated endocytotic structures (12 B and C). These were present on
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Figure 7.13
Transmission electron micrograph of the cpTi interface. A thin cement-like line structure (arrows) 
is interposed between cells and titanium substrate. (bar = 208 nm)
A
B
Figure 7.14 TEM picture of RBM cells cultured for 16 days on 400 02 showing the appearence when the coating 
is maintained:
A. 0verview, bar = 1.31 ^m
B. A detail of the growing needle-like foci of mineralization, bar=340 nm
the cell surface facing the substratum as well as on the cell surface exposed to the culture medium.
Despite this similarity in general appearance of the cell cultures on the different materials, 
a clear difference was observed in the formation of collagen bundles and bone matrix. Figure 
7.13 shows a representative example of the TEM appearance of the cpT i-interface. The substrate
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Figure 7.15 TEM picture of cells cultured for 16 days on 400H20. A dense mineralized matrix has been grown. 
An osteoblast-like cell is in close contact with this interfacial layer. (bar = 500 nm)
surface is covered with a thin cement-like structure. 0n Ca-P0 coatings the interface showed 
two appearances (figure 7.14 and 7.15). As illustrated in figure 7.14A, in areas where the original 
coating was maintained, an additional layer of about 1-3 ^m thickness was deposited. This 
layer could be easily discerned, because it was less dense. The top of this less dense layer was 
covered with a dense line of approximately 500 nm thickness. Small needle-like foci of 
mineralization (figure 7.14B) were observed at this layer. Collagen fibres were present between 
cells and substrate surface as well as between individual cells. At places where the coating 
had disappeared (figure 7.15), coating degradation was followed by the deposition of a dense 
mineralized matrix of about 2 ^m thickness. Cells were in close contact with this interfacial 
layer.
7.4 DISCUSSION and CONCLUSIONS
In this study we obtained information on the proliferation and formation of mineralized matrix 
by rat bone marrow stromal cells cultured on Ca-P0 materials. The cellular morphology and 
cell/substrate interface was studied for different rf magnetron sputter Ca-P0 coated substrates 
and compared to uncoated titanium. The results demonstrated that bone formation proceeded 
faster on the Ca-P0 surfaces. Further, this effect appeared to be dependent of the Ca-P0 ratio 
of the deposited coatings.
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The results complement one of our earlier in vitro studies [15] in which we analysed 
only RBM cell behaviour and no attention was paid to compositional changes both in the coating 
as well as interfacial layer. Some of the current observations need additional explanation.
First, we noticed that the degradation of the Ca-P0 sputter coatings was associated with 
a change in Ca/P-ratio of the superficial coating layer. Apparently, the depth and measure of 
this decrease was dependent of the used sputter parameters. Ca/P values between 0.8 and 1.3 
were reached. 0n basis of the loss of calcium at the surface, the surface Ca-P0 compound formed 
is supposed to be close to brushite/monetite (MCP) and octacalciumphosphate (0CP). This 
finding corroborates with the current theories about the biological sequence of bone formation. 
Also during the various stages in the development of hard bone tissue a wide variety of calcium 
phosphates is known to be present, but starting with MCP and 0CP [20].
The FTIR spectra showed that during incubation also proteins precipitated on the Ca-P0 
surfaces. Although we were unable to confirm the exact nature of this deposit, we know that 
proteins can have an important function in the mineralization process of mineralized tissues. 
They are suggested to be involved either as nucleator or inhibitor of hydroxyapatite formation 
[21,22,23,24]. Nevertheless, notwithstanding the exact role ofthese proteins, we can hypothesize 
that the observed increase in ECM formation on our Ca-P0 coatings is the result of an interfacial 
dissolution (Ca2+-ions) and adsorption/precipitation (proteins and apatite) process. Further, 
we have to emphasize that also the original substrate properties and deposited ECM can already 
have a pronounced influence on the differentiation and expression of bone marrow stromal 
cells. For example, Healy [25] and 0zawa [26] proved that surface chemistry of the substrate 
material can increase the rate of matrix mineralization of cultured marrow cells. Hasegawa 
[27] demonstrated by morphological and biochemical studies that the nature and conformational 
state of the offered proteinaceous matrix are important for nodule production and osteocalcin 
secretion of osteoblast-like cells. Thus it can be supposed that the difference in ECM formation 
on the various Ca-P0 sputter coatings is due to variations in the adsorbed proteinaceous layer. 
More research has to be performed to confirm this theory.
A second point that needs further explanation is the observed degradation of the 
experimental coatings. During the last years, the final aim for the application of Ca-P0 coatings 
on medical implants has been a frequent topic of discussion. A lot of arguments have been 
pleaded both opposite and in favour for the use of coatings [28]. This debate was fed by clinical 
implant failures supposed to be due to coating resorption or delamination [29,30,31]. In this 
scope, to our opinion, the only reason for the use of Ca-P0 coating is to improve bone formation 
during the initial healing event. Consequently, we do not consider the occasionally fast degradation 
of the used amorphous-sputter coatings as a problem. Certainly, because as shown in the SEM 
and TEM assays, these coatings fulfilled their biological role by enhancing mineralized matrix
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formation. Besides, the observed difference in degradation time and ECM formation between 
the various coatings, suggests that by changing the sputter parameters, the final coating response 
can be tailored.
SEM experiments also showed that the produced ECM could be easily separated from 
the underlying substrate surface. As confirmed by Hanawa [32], a chemical bond can develop 
between calcium phosphate and titanium, in vivo. This occurs due to incorporation of calcium 
and phosphorus in the surface oxide layer. However, in vivo experiments revealed that this 
formation mechanism is a slow process which takes considerable time before a sufficient adhesion 
strength is obtained [33]. The weak adhesion of this layer also corroborates with experiments 
[34,35,36,37], in which bone-like apatite layers are grown on various materials, including polymers 
and stainless steel, by soaking in simulated body fluid (SBF). Although significant thick layers 
are formed already within two weeks, the adhesive strength of the formed biological apatite 
is very low. Nevertheless, the clinical consequences for the initial poor mechanical properties 
of the ECM on our Ca-P0 sputter coatings are probably not that relevant. Especially, since: 
(1) the adhesion strength of the as-sputtered films is very high, so that no delamination problems 
will occur during implant installment, and (2) it is supposed that, around the currently used 
non-coated titanium implants, at best similar phenomena will develop at a reduced ECM formation 
rate.
Finally, a remark has to be made about the extrapolation of the in vitro results to the 
in vivo application. The osteogenic phenotype of bone marrow cells is determined by the 
concentration of dexamethasone and P-glycerophosphate added to the culture medium 
[17,27,38,39,40]. The function of the glucocorticoid is to stimulate the alkaline phosphatase 
(ALP) expression of the cultured bone marrow cells. Subsequently, the produced ALP hydrolyses 
the P-glycerophosphate. This induces an increase in local phosphatase concentration leading 
to mineralization of the deposited collagen matrix. The question which then arises is whether 
in the local micro environment around an implant sufficiently large concentrations of organic 
phosphate are available to cause the same effect. This is related to the observed degradation 
of the used amorphous coatings. Unfortunately, this question cannot be answered yet.
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CHAPTER 8
FINAL REMARKS
The experimental aim in this thesis was to determine the suitability of rf magnetron sputtering 
for the deposition ofthin bioactive calcium phosphate (i.e. Ca5(P04)30H, HA) layers on titanium 
substrates. We found that rf magnetron sputter deposition can indeed be used to apply such 
coatings. Further, we observed that the setting ofthe process parameters determine the properties 
of the deposited films. In this chapter we will summarize the most important conclusions as 
obtained from this study. In addition, some remarks for further research will be made.
8.1 THIS THESIS
The sputter deposited layers, as prepared in the experiments, showed a preferred (00l) apatite 
orientation when they were deposited crystalline. Amorphous films showed, after annealing, 
a randomly oriented HA structure. The amorphous deposited layers also showed the presence 
of tetracalcium-phosphate and calcium-oxide after annealing. In terms of structure and adhesion 
strength, an annealing circumstances of 500 °C for four hours under argon flow appeared to 
be the most suitable.
We found that several deposition parameters influenced the stoichiometry of the layers. 
The experiments showed that the final Ca/P-ratio was a function of the applied substrate bias, 
increasing argon pressure, discharge power, and additional oxygen pressure. 0n basis of our 
results, we suggest the use of a discharge power o f200 W, 3x10-3 mbar total pressure and 5% 
additional oxygen to obtain a Ca/P-ratio of1.67. The Ca/P-ratios of films deposited at other 
parameters were mostly higher (to 2.8). We also observed that the deposition rate was influenced 
by argon pressure, power level, and the application of additional oxygen during deposition.
From these results, we deduced that the energetic particle bombardment is an important 
parameter for the stoichiometry of the films. In view of this, we showed that the Vdctarget changed 
considerably when the discharge power is changed. To explain the difference in Ca/P-ratio 
for films deposited at different power levels, we suggest that phosphorus is preferentially sputtered 
from the growing film. Further, we have to emphasize that variation of argon pressure or partial 
oxygen pressure influences the Vdctarget. In addition, the insulating properties of the deposited 
Ca-P0 layers have to be mentioned. We found that the Ca/P-ratio for thin layers seemed to
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increase with increasing thickness, supposedly because of increasing insulating properties of 
the formed film. After a thickness of 80 nm the Ca/P-ratio of the films became constant.
The 0/P-ratio appeared not to be influenced by deposition with additional oxygen, but 
the oxygen content in the film increased at higher oxygen pressure. Supposedly, the application 
of oxygen to the sputter gas (1) decreases the number of secondary electrons, because oxygen 
is an electron scavenger, (2) decreases the sputter yield by changing the target surface composition, 
and (3) modifies the secondary electron emission, which is also due to the change in target 
surface composition. Also, oxygen in the background gas may back-fill the preferentially sputtered 
oxygen atoms from the growing film. In this way better bonding properties for phosphorus 
at the substrate are created.
Close examination of the films revealed that the sputter deposited coating showed no 
carbon contamination throughout the film. The presence of argon in the films was below 1.3 
at%. During deposition a large amount of hydrogen is incorporated. The hydrogen amount 
decreased after annealing to the stoichiometric value. This presence of hydrogen is due to water 
contamination in the gas, resulting from outgassing of the walls or the target during the deposition 
process.
Most conventional adhesion tests fail to measure the adhesion strength of rf magnetron 
sputtered coatings. In this thesis a new technique was introduced, the so called laser spallation. 
We found with this method that the adhesion strength of our coatings varied from about 500 
MPa to 900 MPa. The adhesion strength increased when a bias was applied during deposition.
In vitro measurements of the sputter deposited Ca-P0 coatings showed that they enhanced 
bone formation when compared to titanium and tissue culture plastics. The dissolution behaviour 
appeared to be different for the various coatings. The high amount of hydrogen found in our 
films was not a disadvantage for the in vitro performance of the coatings. Films deposited with 
additional water vapour even appeared to induce the highest amount of extracellular matrix 
(ECM) formation. These results also suggested that by changing the sputter parameters, and 
consequently the coating properties, the final bone-cell response can be tailored.
8.2 RECOMMENDATIONS
0n basis of our experiments, we can do the following recommendations for future research:
We demonstrated that besides process parameters, the final structure and composition 
of the Ca-P0 coating is dependent of the thickness of the deposited layers, at least till a thickness 
of ~100 nm. Further, the deposition time depends strongly on the various deposition parameters. 
In view of this, before giving the optimal sputter conditions, experiments have to be done to 
determine the required thickness with respect to biological performance.
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We know that the target-to-plasma potential during deposition is important for the coating 
properties. In a regular setting, this potential is determined by power level, argon and oxygen 
pressure. In our study, we used copper discs provided with a plasma sprayed Ca-P0 coating 
as target material. Prior to the plasma spray process, these discs have to be grit-blasted. This 
process causes the discs to warp. Since this is a non-standardized phenomenon, the various 
targets show a different impedance. In addition, small variations in thickness or density of the 
plasma sprayed layer may occur. This can again have an effect on the target impedance. As 
a consequence, the final target potential between variously prepared targets will be different. 
Therefore, for future work we recommend to use the target potential as process parameter, 
rather than the power level to enhance the reproducibility of the coating properties.
In addition, to avoid differences in targets made by the plasma spray procedure, efforts 
should be made to use targets pressed of sintered hydroxyapatite powder. Pilot studies already 
showed that such targets can be used at a process power of 200 W. Unfortunately, at higher 
power levels these targets break during deposition.
0ur laser spallation measurements showed that the adhesion strength of the as deposited 
coatings varied between 500 and 900 MPa. From the biological point of view, it would be 
interesting to know whether the adhesion strength changes under conditions that are more similar 
to the clinical situation, and if the adhesion strength is influenced by annealing of the coatings. 
Consequently we recommend to do adhesion strength measurements with coatings before and 
after incubation in simulated body fluid (SBF). The coatings have to be prepared with and 
without additional heat treatment.
In vitro measurements seemed to indicate differences in bone response for the different 
deposited coatings. It is supposed that the difference in ECM formation on the various Ca-P0 
sputter coatings is due to variations in the adsorbed proteinaceous layer. More extensive research 
at the interface of coating and biological tissue has to be performed to confirm this theory. 
For example, studies can be performed to examine influence of coating parameters on the 
behaviour of extracellular proteins, for instance with techniques such as RBS, ERD, XPS and 
NMR.
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SUMMARY
Calcium phosphates, especially hydroxyapatite (HA), are preferred implant materials due to 
their excellent biological properties. To avoid its poor fatigue properties in loaded applications, 
HA is supplied as a coating on mechanical strong titanium implant materials. Since plasma 
spraying, which is nowadays the most widely used technique to apply such coatings, suffers 
some severe drawbacks, other techniques to apply thin, adherent, and dense coatings are 
investigated. The aim of this study was to explore the feasibility to apply thin adherent 
hydroxyapatite layers on titanium substrates by rf magnetron sputter deposition.
We examined the influence of the different deposition parameters on the stoichiometry of the 
sputtered layers. For this purpose coatings were deposited at different settings of discharge 
power, process gas pressure and composition, background pressure, and bias voltage. The samples 
were investigated with several analysis techniques. Rutherford backscattering spectrometry 
(RBS) was used to determine the Ca-to-P and 0-to-P concentration ratios. With a profilometer, 
alpha-step, we measured the thickness of our films. We used X-ray diffraction (XRD) and Fourier 
transform infra-red spectrometry (FTIR) to examine the films with respect to their hydroxyapatite 
structure and vibrational bonds, respectively. Scanning electron microscopy (SEM) and atomic 
force microscopy (AFM) were used to determine the surface topography of the deposited films. 
With elastic recoil detection (ERD) we were able to gain the complete atomic composition 
of the thin films. Proton induced X-ray emission (PIXE) was used to evaluate the incorporation 
of argon during film deposition of a few samples. The interface strength of the deposited coatings 
was determined by laser spallation. Chapter 2  gives an overview of these different techniques, 
and their application for examining thin calcium phosphate layers.
In chapter 3  a first setup was given for sputter deposition of calcium phosphate. The influence 
of a variation of the discharge power and post deposition annealing temperature was investigated. 
SEM showed that the film surfaces of the as deposited films had no cracks or other defects. 
X-ray diffraction showed that the deposited films were amorphous when deposited at low discharge 
rf power, and crystalline when applying high discharge rf power. After annealing, all the films 
had the same crystalline apatite structure. The RBS measurements displayed that all films had 
a higher calcium/phosphate ratio than standard synthetic hydroxyapatite. The Ca/P-ratio of
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the films varied considerably. Statistical testing of the RBS data revealed the existence of only 
a weak correlation between the Ca/P-ratio and the discharge power level. All sputtered films 
showed phosphate bonds in the infrared spectrum. 0nly after annealing the 0H-bonds of 
hydroxyapatite became visible. In view of this, the effect of annealing was studied for various 
temperatures ranging from 400 to 1200° C. Incident light microscopy showed cracks in the 
coatings annealed at a higher temperature than 400°C. Films annealed at 400°C were still 
amorphous. RBS revealed that the Ca/P-ratio decreased with increasing annealing temperature, 
notably above 800 °C annealing temperature. Thus, annealing at a temperature of 800 °C or 
higher, not only increased the recrystallization process, but also induced decomposition of the 
deposited coating.
Chapter 4 describes the influence of other parameters (i.e. argon and oxygen pressure, substrate 
bias, potential distribution between plasma and electrodes) on the deposited coatings. The 
deposition rate and the Ca/P-ratio appeared to increase with increasing argon pressure, but 
decreased when applying oxygen during sputtering. Consequently a Ca/P-ratio of 1.67, which 
is the stoichiometric value of hydroxyapatite can be obtained by introducing oxygen in the 
sputter gas. Further, we found that the average Ca/P-ratio increased (1) with increasing film 
thickness, for the thickness regime below 0.1 )m, (2) with increasing external negative bias, 
and (3) with increasing dc target voltage. We noticed that changing the deposition parameters 
influenced several deposition variables, which are important for the characteristics of the deposited 
layers. For instance the Vdc, target, which depends of the applied power level, is influenced by 
the magnitude of the argon and partial oxygen pressure. Further the variation of the argon pressure 
also changes the number of atoms present in the discharge, which modifies the number of collisions 
of the sputtered atoms, that occurs before they reach the substrate. Both the variation in the 
target voltage and the number of collisions are of importance for the final Ca/P-ratio of the 
deposited films. In this way, we also found that applying oxygen to the sputter gas (1) decreases 
the number of secondary electrons, because oxygen is an electron scavenger, (2) decreases 
the sputter yield by changing the target surface composition, and (3) modifies the secondary 
electron emission, which is also due to the change in target surface composition. 0xygen in 
the background gas back-fills the sputtered oxygen atoms from the growing film. In this way, 
oxygen both influences the Ca/P-ratio of the films and the deposition rate. From FTIR- 
measurements it was inferred that the presence of water in the background gas results in the 
presence of 0H-bonds in the sputtered films. It was found that this also influences the Ca/P-ratio.
In chapter 5, we determined the absolute amount of calcium, phosphorus, oxygen and hydrogen 
in our films. Further, we investigated the possible implantation of argon during the deposition
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process. For this purpose films were deposited at 200 and 400 Watt with different partial oxygen 
pressure. To determine the origin of the hydrogen content in the sputtered films, films were 
deposited in a mixture of argon and D20  vapour and other films were deposited without additional 
water vapour, but they were vented by nitrogen mixed with D20. The results confirmed the 
measurements of the previous chapters. Further, all as deposited films showed a higher hydrogen 
content than stoichiometric HA. The deuterium experiments revealed that the main amount 
of hydrogen is incorporated during the deposition of the films. Therefore, we concluded that 
our sputter deposition system exhibits a memory effect with respect to D20  and thus also with 
respect to H20. Furthermore, this absorption of hydrogen was related to the total deposition 
time rather than to the thickness of the film. Finally, PIXE-measurements showed that the argon 
content in our films was lower than 1.3 at%, and AFM measurements revealed that the films 
were built up of different pancake structures. This resulted in nanoporosity, which was influenced 
by deposition with partial oxygen or water vapour pressure.
For the application of the coatings it is important to know whether the interface strength of 
the coating is also influenced by the different deposition parameters. In chapter 6  a new technique 
was introduced to measure the interface strength: laser spallation. In this experiment a collimated 
laser pulse is made to impinge at the back of the substrate which is coated with a thin layer 
of aluminium-chromium and a 5 ^m thick layer of water glass. Absorption of the laser energy 
in the Al-Cr-layer results in a sudden expansion of the film which leads to the generation of 
a compressive shock wave directed toward the test coating/substrate interface. At the free coating 
surface the compressive pulse reflects into a tensile pulse which, when it reaches the interface, 
leads to the removal of the coating. The displacement of the coating surface is proportional 
to the profile of the stress pulse and is measured with a Doppler interferometer. From this 
displacement history the interface strength can be calculated. The interface strength of the sputter 
deposited calcium phosphate coatings measured between about 500 and 900 MPa. Examination 
of the spalled films with SEM and EDS confirmed that the coating was spalled off at the interface.
To investigate the biological behaviour of the coatings, an in vitro experiment was performed, 
and described in chapter 7. The effect of non-coated titanium (Ti) and three different Ca-P0 
sputter deposited surfaces on the proliferation and differentiation (morphology and extracellular 
matrix (ECM) production) of osteoblast-like cells was studied. The possible influence of culture 
medium on the initial dissolution behaviour of the deposited Ca-P0 coatings was also investigated. 
Proliferation was determined, and the morphology of the osteoblast-like cells was studied at 
electron microscopical level. Fluorescent markers were used to obtain quantitative information 
about the produced calcified extracellular matrix (ECM). Results demonstrated that proliferation
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of the osteoblast-like cells was significantly higher on non coated than on Ca-PO coated surfaces. 
In the other hand, electron microscopy confirmed that the cells on the coated substrates were 
surrounded by ECM with collagen fibres embedded in crystallized needle shaped structures. 
This indicates that the Ca-PO coating posses a higher bone inductive effect than non-coated 
Ti-substrates. On basis of this findings, we conclude that: (1) the investigated Ca-PO sputter 
coatings posses the capacity to activate the differentiation and expression of osteogenic cells, 
and (2) bone formation proceeds faster on Ca-PO surfaces than on Ti substrates. Further, we 
noticed that this bone inductive effect appeared to be dependent of the Ca/P-ratio of the deposited 
coatings. For films deposited with additional water vapour appeared to induce the highest amount 
of extracellular matrix.
In chapter 8  final remarks and overall conclusions are made. Recommendations for future 
research are formulated.
SAMENVATTING
Steeds vaker worden er implantaten gebruikt om beschadigde of versleten lichaamsweefsels 
te vervangen. Alleen al in Nederland werden er in 1995 meer dan 10.000 implantaten gebruikt. 
Bovendien is de verwachting dat, door de veroudering van de bevolking, de vraag naar implantaten 
de komende jaren alleen maar zal blijven groeien. Bekend is ook dat 5-40% van de jaarlijkse 
implantaat operaties betrekking heeft op de vernieuwing van de al eerder ingezette implantaten. 
De onderzoeksaandacht dient dan ook met name gericht te zijn op het verbeteren van de huidige 
implantaatsystemen. Bijvoorbeeld voor orale implantaten is de aanwezigheid en het behoud 
van een goede bot reactie een belangrijke voorwaarde voor het uiteindelijke klinische succes. 
Om deze reden wordt voor de vervaardiging van dit type implantaat bij voorkeur gebruik gemaakt 
van de calciumfosfaat keramiek hydroxyapatiet (HA). Dit materiaal is namelijk in staat een 
chemische binding met bot aan te gaan. Echter, om de breekbare eigenschappen van bulk keramiek 
in belaste toestand te vermijden, wordt HA aangebracht als een deklaag (coating) op de mechanisch 
sterke titanium implantatie materialen. Momenteel is plasma spuiten de meest gebruikte techniek 
om deze deklagen aan te brengen. Aangezien hier diverse nadelen aan kleven, wordt er onderzoek 
gedaan naar andere technieken om dunne, goed hechtende en dichte keramische deklagen aan 
te brengen. Het doel van de studie, zoals beschreven in dit proefschrift, is het onderzoeken 
van de mogelijkheid om dunne hechte hydroxyapatiet deklagen aan te brengen op een titanium 
ondergrond met rf magnetron sputter depositie.
We hebben de invloed van verschillende depositieparameters op de stoichiometrie van de 
gesputterde lagen onderzocht. Daartoe werden coatings gesputterd bij verschillende instellingen 
van het vermogen, proces gas druk en gas compositie, achtergrond druk, en bias spanning (extra 
negatieve spanning die aangebracht wordt op de substraathouder). We hebben de samples met 
verschillende analyse technieken onderzocht. Zo werd Rutherford backscattering spectrometrie 
(RBS) gebruikt om de calcium (Ca) tot fosfor (P) en de zuurstof (O) tot fosfor (P) concentratie 
verhouding te onderzoeken. Met een laagdiktemeter, de alpha step, hebben we de diktes van 
onze aangebrachte films gemeten. Röntgen diffractie (XRD) en Fourier transformatie infra 
rood spectrometrie (FTIR) hebben we gebruikt om de verschillende samples respectievelijk 
te onderzoeken op hun apatiet structuur en de vibratiebanden. Scanning electronen microscopie 
(SEM) en atomic force microscopie (AFM) werden gebruikt om de oppervlakte topografie
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van de samples te bepalen. Met elastic recoil detection (ERD) waren we in staat om een kompleet 
overzicht van de atomaire compositie van zeer dunne samples te verkrijgen. Met proton induced 
Röntgen emmissie (PIXE) hebben we een paar samples op ingroei van argon (Ar) in de laag 
tijdens het sputter depositie proces onderzocht. De hechtingskracht van de opgebrachte deklagen 
hebben we geëvalueerd door middel van laser spallatie. Hoofdstuk 2  geeft een overzicht van 
deze verschillende technieken, en hun toepassing om dunne calciumfosfaat lagen te onderzoeken.
In hoofdstuk 3 wordt een eerste toepassing van het sputter depositie systeem voor het aanbrengen 
van calcium fosfaat lagen beschreven. Naast de invloed van het toegepaste vermogen werd 
de invloed van de uitstook temperatuur op de structuur en samenstelling van de aangebrachte 
deklagen onderzocht. SEM liet zien dat de oppervlakten van de opgebrachte deklagen geen 
scheuren of andere onvolmaaktheden vertoonden. Met Röntgen diffractie bleek dat de coatings 
amorf waren, wanneer zij aangebracht werden bij laag vermogen en kristallijn, wanneer een 
hoog vermogen gebruikt werd. Na uitstoken, lieten alle samples een kristallijne structuur zien, 
vergelijkbaar met de apatiet structuur. RBS metingen lieten zien dat alle deklagen een hogere 
calcium/fosfor verhouding hadden dan standaard synthetisch vervaardigd hydroxyapatiet. Verder 
viel op dat de Ca/P verhouding van verschillend gesputterde films nogal varieerde. Statistische 
testen van deze RBS data wezen uit dat er voor deze metingen slechts een zwakke correlatie 
tussen Ca/P verhouding en toegepast vermogen gevonden kon worden. Alle gesputterde samples 
lieten fosfaat banden zien in het infrarood spectrum. Slechts na uitstoken werden ook de OH- 
vibraties van hydroxyapatiet zichtbaar. Gezien deze resultaten werd het effect van het uitstoken 
onderzocht voor verschillende temperaturen, variërend van 400° tot 1200 °C. Met opvallend 
licht microscopie werd zichtbaar dat zich scheurtjes bevonden in de coating bij uitstook- 
temperaturen van 600 °C en hoger. Samples uitgestookt bij 400 °C waren nog steeds amorf. 
RBS-metingen lieten zien dat bij uitstooktemperaturen van meer dan 800 °C de Ca/P verhouding 
duidelijk afnam. Uitstoken bij een temperatuur van 800°C of hoger versnelde dus niet alleen 
het rekristallisatieproces, maar resulteerde ook in decompositie van de opgebrachte coatings.
Hoofdstuk 4 beschrijft de invloed van andere parameters op de aangebrachte coatings (nl. argon 
en zuurstofdruk, substraat biasspanning, verdeling van het potentiaal verschil tussen het plasma 
en de electroden). De depositie snelheid en de Ca/P verhouding leken toe te nemen bij toenemende 
argondruk, maar namen af zodra zuurstof werd toegevoegd tijdens het sputter proces. Op deze 
manier kon een Ca/P verhouding van 1.67, welke gelijk is aan de stoichiometrische Ca/P 
verhouding van hydroxyapatiet, worden verkregen. Verder vonden we dat de gemiddelde Ca/P 
verhouding toenam bij (1) toenemende dikte van de film, voor een laagdikte dunner dan 0.1 
^m, (2) toenemende extra negatieve bias spanning, en (3) toenemende dc spanning op het target.
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We zagen ook dat het veranderen van de depositie instellingen meerdere procesvariabelen 
beïnvloedde. Zo wordt de Vdc, target, welke afhankelijk is van het toegepaste vermogen, beïnvloed 
door de hoogte van de argon en zuurstofdruk. Tevens verandert de variatie van de argondruk 
het aantal atomen aanwezig in de discharge, hierdoor wordt het aantal botsingen van de gesputterde 
atomen, op hun weg van het target naar het substraat veranderd. Zowel het veranderen van 
de target spanning als het aantal botsingen is van invloed op de uiteindelijk Ca/P-verhouding 
van de coatings. Zo vonden we ook dat het toevoegen van zuurstof in het sputtergas (1) het 
aantal "secondaire" electronen (belangrijk voor het in stand houden van het proces) vermindert, 
doordat zuurstof electronen consumeert, (2) de sputter snelheid van het target verlaagt, doordat 
het oppervlakte van het target door de aanwezigheid van zuurstof beïnvloed wordt, en (3) de 
secondaire electronen emissie vanuit het target verandert, ook vanwege de verandering in 
compositie van het target oppervlak. Zuurstof dat aanwezig is in het achtergrondgas kan ook 
de zuurstof atomen die uit de groeiende coating gesputterd worden aanvullen. Op deze manier 
beïnvloedt zuurstof zowel de Ca/P verhouding van de coatings als mede de depositie snelheid. 
Van de FTIR metingen werd afgeleid dat de aanwezigheid van water in het achtergrond gas 
leidde tot de aanwezigheid van OH-vibraties in de gesputterde films. De aanwezigheid van 
waterdamp beïnvloedde tevens de Ca/P verhouding.
In hoofdstuk 5, hebben we de absolute hoeveelheid van calcium, fosfor, zuurstof en waterstof 
aanwezig in onze coatings bepaald. Verder hebben we de mogelijke implantatie van argon 
gedurende het sputterproces onderzocht. We hebben hiertoe coatings aangebracht bij een vermogen 
van 200 en 400 Watt en bij verschillende partiële zuurstofdruk. Om de herkomst van de in 
onze samples aanwezige waterstof te bepalen, werden coatings aangebracht in een sputtergas, 
waarbij D2O (zwaar-water) door het argon gemengd was. Tevens werden andere coatings 
aangebracht zonder extra zwaar-waterdamp. Deze werden echter na sputteren belucht met stikstof 
waar D2O damp door gemengd was. De resultaten van dit hoofdstuk bevestigden de eerdere 
bevindingen met betrekking tot de invloed van argon en zuurstofdruk. Verder vonden we dat 
alle "as deposited" coatings een hogere hoeveelheid waterstof bevatten dan stoichiometrisch 
HA. De experimenten, waarbij zwaar-water gebruikt werd, lieten zien dat de belangrijkste 
hoeveelheid waterstof ingebouwd wordt tijdens het sputteren van de samples, en niet achteraf 
gedurende het beluchten. Een conclusie van dit onderzoek is dan ook dat ons sputtersysteem 
een soort geheugen effect heeft voor D2O en dus ook voor H2O. Verder kon deze absorptie 
van waterstof eerder gerelateerd worden aan de totale sputter tijd, dan aan de dikte van de films. 
Dit betekent dat dit waterstof op een andere manier ingebouwd wordt in de gegroeide laag, 
dan Ca, P en O. Als laatste bleek uit PIXE metingen dat de argon concentratie, aanwezig in 
de films, lager was dan 1.3 at%. Uit AFM metingen bleek dat de coatings op atomaire schaal
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een nano-porositeit bezaten, welke afhankelijk was van de partiële zuurstof of waterdamp druk.
Voor de toepassing van de coatings is het belangrijk om te weten of de hechtingskracht van 
de coatings ook beïnvloed wordt door de verschillende depositie parameters. In hoofdstuk  
6 wordt een nieuwe methode geïntroduceerd om deze hechtingskracht te meten: laser spallatie. 
Bij deze experimenten wordt met een laser op de achterkant van het substraat, welke gecoat 
was met een dunne laag aluminium-chroom (Al-Cr) en een 5 ^m dikke laag waterglas, geschoten. 
Absorptie van de laserenergie in de Al-Cr laag resulteert in een plotselinge uitzetting van de 
laag. Dit leidt tot de generatie van een longitudinale drukgolf in de richting van het te testen 
coating/substraat grensvlak. Bij het vrije coating oppervlak reflecteert de drukgolf als een 
longitudinale trekgolf. Wanneer deze het coating/substraat grensvlak bereikt, leidt dit tot 
verwijdering (spalling) van de coating. De uitwijking van de coating oppervlakte is evenredig 
met het profiel van de stresspuls en wordt gemeten met een Doppler interferometer. Vanuit 
dit uitwijkingsprofiel kan de uiteindelijke kracht op het substraat/coating grensvlak gemeten 
worden. De hechtingskracht van onze calcium-fosfaat coatings blijkt volgens deze techniek 
tussen de 500 en 900 MPa te zijn.
Om het biologische gedrag van onze coatingen te bestuderen, is een in vitro (cel kweek) 
experiment uitgevoerd en beschreven in hoofdstuk 7. Het effect van ongecoate titanium (Ti) 
en drie verschillend gesputterde Ca-PO coatingen met betrekking tot de groei en differentiatie 
(morfologisch en door matrix produktie) van osteoblast (bot)-achtige cellen werd bestudeerd. 
De mogelijke invloed van het groei medium op de initiële oplosgedrag van de gesputterde 
coatings werd ook bekeken. De groei van de cellen werd bepaald, en de morfologie van de 
cellen werd bekeken door middel van electronen microscopie. Bovendien werden fluorescente 
markers gebruikt om informatie over de quantiteit van de gevormde gecalcificeerde extracellulaire 
matrix (ECM) te verkrijgen. De resultaten toonden aan dat de groei van de osteoblast-achtige 
cellen significant groter was op de ongecoate dan op de Ca-PO gecoate samples. Aan de andere 
kant werd er op de gecoate oppervlakken meer gemineraliseerde extracellulaire matrix gevormd. 
Dit duidt er op dat de gesputterde samples betere botvormende eigenschappen bezitten. In 
aanvulling hierop, toonde transmissie electronen microscopie dat de cellen op de gesputterde 
oppervlakten werden omgeven door ECM met collagene vezels, welke waren geïncorporeerd 
door kristalachtige naaldvormige structuren. Op basis van deze bevindingen kwamen we tot 
de conclusie dat (1) de onderzochte Ca-PO gesputterde coatings de capaciteit hebben de 
differentiatie en expressie van botvormende cellen te activeren en (2) dat botvorming sneller 
vordert op Ca-PO oppervlakken dan op titanium. Verder leek het effect van het opwekken 
van botvorming afhankelijk te zijn van de Ca/P verhouding van de aangebrachte sputter coatings.
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Op coatings gesputterd met waterdamp leek bijvoorbeeld meer matrix vorming aanwezig te 
zijn dan op de coatings opgedampt bij andere depositie parameters.
Tenslotte zijn in hoofdstuk 8  de laatste opmerkingen en algemene conclusies beschreven. 
Enkele aanbevelingen voor vervolg onderzoek zijn er geformuleerd.
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